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ABSTRACT

DEVELOPMENT AND IMPLEMENTATION OF NOVEL BRISTLE
TOOL FOR SURFACE TREATMENT OF METALLIC COMPONENTS
Piyush Khullar
Marquette University, 2009

Despite advances in paints and coatings technology, protective coatings are prone
to eventual corrosion, degradation and/or failure. Consequently, a corrosive layer will
develop that can undermine the performance and integrity of structural components.
Therefore, both the corrosive layer and defunct coating must be periodically removed,
and an acceptable level of surface cleanliness and texture must be obtained prior to the
reapplication of new paint. Currently, an array of processes and equipment are used for
efficiently cleaning and conditioning metallic surfaces, such as grit blasting, needle guns,
and a variety of non-woven and coated abrasive tools.
This research investigates the method termed the “bristle blasting” process. The
process utilizes a specially designed rotary bristle tool, which is dynamically tuned to a
power tool spindle that operates at approximately 2,500 rpm.
The present research suggests that the repeated collision of hardened bristle tips
with a corroded steel surface results in both the removal of a friable corrosive layer and
simultaneous exposure of fresh subsurface material. Surfaces generated by the bristle
blast process are shown to mimic the visual cleanliness and anchor profile that is
characteristic of grit blasting processes. One particular application evaluated during this
research was offshore pipeline refurbishment and pre-treatment of weld seams prior to
the application of protective coatings. Comparative analysis was done with conventional
methods of surface treatment on the basis of visual cleanliness, surface profile generation
and coating adhesion strength. The results obtained suggest that this novel technology
performs better than the existing conventional power tool methods and is on an equal par
with grit blasting methods. Moreover, the bristle blasting process is eco-friendly and does
not use or generate hazardous waste, thereby providing a “green” approach to corrosion
removal and surface preparation of steel components.
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angular velocity (rad/s)

eb, KEb
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viii
µ

10-6
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metal grit G16
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metal grit G18
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metal grit G25
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metal grit G40

QZ

quartz particle

rpm

revolutions per minute

n, N

speed of the hub in rpm

n1

speed of the hub in Figure 1.19

n2

speed of the hub in Figure 1.19

n3

speed of the hub in Figure 1.19

db

diameter of bristle

Point A

reference point chosen to calibrate the camera units (Figure 1.23)

Point B

reference point chosen to calibrate the camera units (Figure 1.24)

kg

unit of mass

lb

unit of weight

PWB

power wire brushing

MBX

Monti Bristle Blasting Tool

f

fame rate or frequency of high speed digital camera

fps
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Hz
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ix
T

shutter time or shutter speed of high speed digital camera

d

distance moved by bristle mass center in Figure 2.6
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coordinates of bristle mass center at Frame 1 in Figure 2.6
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t2

time at Frame 2

t
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Rockwell Hardness C Scale

IC

mass moment inertia of bristle about the center of rotation

O

center of hub

LC
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point of initial bristle contact with accelerator bar

P

point of bristle tip release from accelerator bar

L*

equivalent length of bristle including design angle

L1

length of bristle main body

L2

length of bristle shank

y

vertical deflection of the bristle tip in Figure 3.5

θ

radial deflection of bristle tip in Figure 3.9

TR

torque experience by bristle as shown in Figure 3.8

Kt

rotational stiffness of the bristle/belt system

ωn

natural frequency of the bristle

Tb

time period of bristle motion

fb

bristle motion frequency

x
b

arbitrary constant used in Equation

e

exponential (≈2.73)

i

iota (√1)

C1

arbitrary constant introduced in Equation 3.12

C2

arbitrary constant introduced in Equation 3.12

D1

arbitrary constant introduced in Equation 3.15

D2

arbitrary constant introduced in Equation 3.15

VG/O

velocity of bristle mass center w.r.t point of connection on hub

eT*

enhanced bristle translational kinetic energy

eR*

enhanced bristle rotational kinetic energy

eb*

enhanced bristle total kinetic energy

K

constant introduced in Equation 3.18

A1

constant introduced in Equation 3.21

A2

constant introduced in Equation 3.21

MAT1

Material 1, API 5L

MAT2

Material 2, low carbon steel

HRB

Rockwell Hardness B Scale

FX, FS

force in horizontal direction along target surface (shear force)

FY, FN

force in normal direction on the target surface (normal force)

FZ

force in out-of-plane direction

MX

torque in x-direction

MY

torque in y-direction

MZ

torque in z-direction

xi
λS

profile filter

λC

profile filter, cut-off length

λf

profile filter

R

roughness profile

Ra

arithmetic mean deviation of the profile

Yi

vertical measurement of a profile

Rq

root-mean square deviation of the profile

RY

maximum height of the profile

RZ

(mean of) maximum height of the profile

RP

maximum profile peak height

RV

maximum profile valley depth

Rt

total height of the profile

Sm

mean width of the profile elements

PC, RPC

peak count (peaks/cm)

S3344

Primer Part-A

S3393

Primer Part-B

S3400

Epoxy Part-A

S3498

Epoxy Part-B

SG16

steel grit G16

PV

load applied in microhardness testing

DV

mean diameter of indentation in microhardness testing

φV

angle between opposite faces of indenter

HV

Vickers Hardness
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1.

INTRODUCTION AND BACKGROUND

1.1 Introduction

Steel structures play a vital role in supporting the infrastructure of transportation,
habitat, and the distribution of goods and natural resources. In order to safeguard and
maintain this infrastructure, polymer chemists have formulated advanced paints and
coatings that can protect surfaces from corrosion and prolong the life/integrity of steel
components. Nevertheless, these coatings are subject to environmental attack and
eventually deteriorate, thereby requiring partial or complete removal prior to the
reapplication of fresh coating. This cycle of repair/refurbishment is an important part of
infrastructure maintenance programs that is both costly and time consuming. To this end,
grit blasting has emerged as the principal method for surface cleaning and preparation
chiefly because the process satisfies several important criteria, namely:
• Both the defunct coating and corrosion are simultaneously removed,
• Surfaces can be restored to meet the required visual cleanliness standards, and
• Coarse surface roughness profiles can be achieved that are deemed necessary prior to
the application of protective paints and coatings.

Although grit blasting is the most widely used method for preparing steel
surfaces, maintenance engineers are constantly searching for new/alternative surface
treatment processes that can circumvent many of the difficulties and shortcomings that
are associated with this process. Most notably, for example, grit blasting is an expensive,
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cumbersome process that is neither environmentally nor user-friendly. The seriousness
of health and safety issues has recently prompted the Environmental Protection Agency
(USA) to propose national emission standards for controlling hazardous air pollutants
associated with abrasive blasting (Kaelin & O’Malley, 2008). At the same time, the
Occupational Safety and Health Administration (USA) has recently issued directives that
may have widespread implications on nearly all types of abrasive blasting
processes/media (Kaelin and Liang, 2008). Altogether, these concerns render the abrasive
blasting process especially inefficient and poorly suited for applications involving local
rehabilitation or “spot-repair”, wherein steel surfaces are in need of immediate repair due
to paint delamination and/or severe corrosion.

In this research, a new process termed bristle blasting is investigated that utilizes
a rotary power tool for simultaneously removing corrosion and generating an anchor
profile. Although the bristle blasting tool has an appearance that resembles wire brush
products, the underlying principles of operation are shown to have little, if any,
commonality with brushing processes. Moreover, it is demonstrated in this research that
the bristle blasting process is very closely related to the impact mechanics behavior that is
typically associated with grit blasting processes. Finally, the surface cleaning/profiling
performance of bristle blasting tools is examined within the context of an application
involving severely corroded API 5L steel piping, which is widely used in petroleum
industries. The findings of this study show that the performance of bristle blasting tools
can be likened to that of grit blasting operations. In addition, it is demonstrated that the
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performance and reliability of bristle blasting tools can be accurately forecasted over the
duration of the tools service life.

1.2 Review of Common Surface Treatment Methods

1.2.1 Grit Blasting/Abrasive Blasting

Free-impact surface treatment processes involve the controlled use of projectile
particles such as angular media (grit) or spherically shaped media (shot) of various size,
composition, and hardness. When the former materials are used, the process is termed
grit blasting or abrasive blasting, whereas use of the latter materials is termed shot
peening. The process is depicted in Figure 1.1, whereby arbitrarily shaped media having
mass mp undergoes free impact with target surface S. Process parameters include the
media pre-impact speed vp and entry angle βi, whereas the post-impact speed vf and exit
angle βf of the media is a consequence of the elastic-plastic interaction that characterizes
the impact event. On the basis of particle mechanics, the available kinetic energy e and
working energy ep of the media, respectively, is written

1
   
2
1
    sin 
2

(1.1)
(1.2)

where Equation (1.2) presumes that the particle is unconstrained in the horizontal
direction. As shown in Figure 1.1, the collision typically results in a pit or crater whose
geometry is closely related to the shape of the propelled media.
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Hence, abrasive blasting is the process of cleaning or preparing a surface by
forcibly propelling a stream of abrasive material against it. Figure 1.2 shows the process
mechanics of abrasive blasting. Abrasive blasting has proven to the most efficient and
reliable among the current methods for surface treatment. The grit blast method uses a
reservoir of abrasive media which is connected to a pressurized vessel and propelled
toward the workpart surface using a nozzle system. The operators are trained to regulate
various parameters such as pressure, incident angle, etc to obtain the required surface
finish. Incoming media geometry/shape, material composition, and velocity are critical
parameters for process control. Variables affecting the performance and physical results
of the blasting process include: type of media and grain size, machine efficiency (suction
or pressure blast), duration of blast, blasting air pressure or media velocity, distance from
nozzle to the part, relative angle of the blast, automation techniques, workpiece material,
etc.

Abrasive blasting can be categorized into two main categories, namely, Dry
blasting and Wet Blasting. Figure 1.3 shows the overview of apparatus needed for
performing abrasive blasting operation. Dry Blasting can be further sub-categorized into
air blasting and airless (centrifugal) blasting. In air blasting, media is propelled by a
stream of pressurized air, whereas centrifugal force drives the media in airless blasting.
Media are fed into the centre of a rotating waned wheel and it hurls the media outward,
thus using centrifugal force to drive the abrasive. Since air blasting requires a source of
pressurized air, it is more energy intensive. However, as airless blasting can accelerate
media to higher velocities, it permits the effective use of smaller media particles. Air
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blasting is more versatile of the two methods discussed. Typical components of a dry
blasting system include:
•

Media delivery system

•

Protective enclosure

•

Dust collection system (and media reclamation)

In wet abrasive blasting system, the abrasive media is mixed with a liquid and
then pumped to the nozzle as slurry. At the nozzle, slurry is introduced into the air stream
and propelled against the workpiece. Since the abrasive is in a slurry form, the process
does not require dust collector or ventilation equipment. Wet blasting is considered a
precision finishing operation and finer media with particles as small as 0.003 mm can be
used.

Performance of an abrasive blast system

Due to fairly homogeneous size, shape and composition of abrasive media, the
performance variations are at a minimum for abrasive blast system. Apparent advantages
of abrasive blasting include:
•

Thorough corrosion removal – The surfaces cleaned using grit blasting
system are shown to have near white / white metal finish.

•

Simultaneous “Anchor Profile” – Along with removing corrosion, grit
blasting produces an anchor profile which typically ranges from 40-80 µm.

•

Process efficiency – Using a large hose/nozzle with unlimited supply of
media, the grit blasting system is ideal for cleaning large surface areas.
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Although grit blasting is the most common and widely used method for surface
preparation, it has some inherent drawbacks which can be summarized as follows:
•

Cost - Abrasive Blast Systems are complex and cumbersome, and require
significant capital investment. The system needs to be maintained properly to
ensure required performance.

•

Safety – Full protective suit is required to be worn by the operator to avoid
the harmful effects of air borne contaminants.

•

Portability – Generally, the abrasive blasting system is cumbersome; taking it
to the worksite is an issue.

•

Grit Recovery – The system must be in a well contained or closed space. The
blast media must generally be recovered to prevent pollution of the
environment.

Figure 1.4 shows a worker using an abrasive blast system. Abrasive blasting
operations can present a risk to the worker’s health and safety, especially in air blasting
applications. Abrasives like steel shot and grit, cast iron, garnet, aluminum oxide, etc, do
not have a hazardous component, but silica sand, copper slag, nickel slag have various
degrees of hazard associated with them. However, use of both type of grits, presents a
serious danger to the operator. Burns due to projections, exposure to hazardous dust, heat
exhaustion and exposure to excessive noise are some of the common problems associated
with these grits. OSHA (Occupational Safety and Health Administration) mandates
engineered solutions to potential hazards and respiratory protection is approved by
NIOSH (National Institute for Occupational Safety and Health).
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1.2.2 Wire Brush

Wire brushing processes involves repetitive contact of bristle tips with a target
surface. Here, the bristle/media is constrained at one end (namely, the hub) whereas the
bristle tip is free to undergo periodic contact with the surface. The process is shown in
Figure 1.5, whereby bristles having length L, and mass mb, are attached along the
perimeter of a rotating hub having radius rh and angular velocity ω. On the basis of rigid
body mechanics, the available kinetic energy of the rotating bristle is equivalent to the
working energy of the bristle and can be written:
1
  
2



1
  
2

(1.3)

where eb is the total kinetic energy of a bristle that undergoes orthogonal impact with
surface S, vG is the velocity of the mass center, and IG is the mass moment of inertia of
the bristle about mass center, G. Figure 1.6 shows a conventional wire brush. Ordinarily,
brush construction methods embody the use of tightly packed bristles that exhibit
considerable flexure during impact. Therefore, the collision/contact event between the
bristle tips and the (relatively) rigid workpart surface is generally followed by an
extended period of engagement along their mutual interface. Both the contact duration
and the magnitude of the force exerted by the bristle tip onto the target surface are
fundamental issues that characterize the behavior and performance of bristle brushes.
Figure 1.7 depicts a typical surface generated by the wire brushing process. Score
markings can be clearly seen throughout the contact zone. The performance of the wire
brushes varies significantly within a short time period. The brush tips are initially sharp
and exhibit aggressive machining performance. Inevitably, the bristle tips wear out with
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the continued use of the tool. This reduces the quality of the finish produced and
eventually the tool becomes inadequate to be used. Thus, machining capability of the tool
deteriorates with time leading to poor surface finish and frictional heating of the
workpart.

Variables affecting the performance of a wire brush include, brush style, design,
materials, filament length, face width, rotational speed, etc. Factors affecting the
aggressiveness of a brushing tool are filament diameter, wheel velocity and width, type of
contact with the part. Some of the side effects of brushing include changes in surface
finish, texture or hardening, changes in residual stresses, changes in fatigue life,
contamination of part surfaces, etc.

1.2.3 Needle Gun
Figure 1.8 shows the key features of a needle gun system. The needle gun consists
of a bundle of parallel wire rods or “chisels” that are placed in contact with the workpart
surface. When the tool is activated, the wires rapidly oscillate back and forth (i.e., along
the axial direction) thereby causing repeated contact and indentation between the wire
tips and target surface. The tool forces these needles against a work surface at variable
speeds up to around 5,000 times per minute. This repeated contact, in turn, leads to the
removal of surface debris and simultaneously generates the coarsened surface texture
depicted in Figure 1.10.
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Figure 1.9 shows a needle gun in use. Process parameters are number of needles,
operating speed, and power levels. Needles automatically adjust themselves to contours,
making the tool a good choice for cleaning irregular surfaces.
1.2.4 Coated Abrasives

Coated abrasives are also known as bonded abrasives. Figure 1.11 illustrates the
typical elements of bonded abrasive materials. Coated abrasives are manufactured by
adhering abrasive grains to the surface of flexible or semi-flexible backings such as
paper, cloth, vulcanized fiber, plastic films, polyester or even metals. A bonding agent
(often some sort of a resin) is applied to the backing to provide a flat surface to which the
grit is then subsequently adhered. Common abrasives used in bonded abrasives are
aluminum oxide, silicon oxide and zirconia compounds. Sizes of coated abrasives range
from very coarse (≈ 2mm) to ultrafine (0.05mm). Most grit sizes are standardized by ISO
standards (ISO 6344). Figure 1.12 shows a power abrasive disc. In a bonded abrasive
tool, each grain of the coated abrasive acts as a tiny cutting tool. Bonded abrasives are
popular due to their flexibility, convenience, low cost, and a wide variety of shapes and
sizes. Different types of bonded abrasives include belts, sheets, pads, disks, wheels, etc.
Figure 1.13 shows a coated abrasive treated surface. Variables affecting the performance
of bonded abrasives include abrasive material and size, media type and size, backing
material and properties, operating speed and pressure, etc.
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1.2.5 Non – Woven Abrasives

In a non woven abrasive brush, abrasive grains are dispersed uniformly
throughout a low density, open type, non woven web of synthetic fibers and held there
with a binding adhesive as shown in Figure 1.14 . At the time of manufacturing, the
grains are homogeneously distributed and encapsulated throughout the nylon by weight,
usually 20 – 45%. Commercially available filler materials have diameters that vary from
0.2 – 2mm, with many sizes in between. Figure 1.15 shows schematic representation of
controlled cutting action of non-woven abrasive materials. Other filament shapes such as
rectangular, provide a greater cross sectional area, which can contain more abrasive
minerals and is thus stiffer in functional operation. Aluminum oxide, silicon carbide, flint
and garnet are grits predominantly used. Although specific grain sizes are used, nonwoven abrasives are often specified by such grades as coarse, medium, fine, very fine,
super fine and ultra fine. Non-woven abrasives are often substituted for bonded abrasive
strips in flap wheels. Non-woven abrasives are water proof, chemically resistant and can
be used wet or dry. Non-woven abrasive brushes can reach surface speeds of 25-35
surface meter/second. Figure 1.16 shows abrasive-filled nylon filament shapes and sizes.

Amongst the methods discussed, grit blasting is the most extensively used method
for surface preparation. But it is an expensive, cumbersome process that is neither
environment nor user-friendly. The seriousness of health and safety issues has recently
prompted the Environmental Protection Agency (USA) to propose national emission
standards for controlling hazardous air pollutants associated with abrasive blasting
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(Kaelin and O’Malley, 2008). Altogether, these concerns render the abrasive blasting
process especially inefficient and poorly suited for applications involving local
rehabilitation or “spot-repair”, wherein steel surfaces are in need of immediate repair due
to paint delamination and/or severe corrosion.

1.3 Review of Technical Literature

1.3.1 Abrasive Blasting/Shot Peening

A significant volume of research has been reported that examines both the crater
geometry and the residual stress state induced in peened metallic surfaces, and a thorough
review of these works can be found in references (Al-Obaid, 1995) and (Iida, 1984).
Less information, however, can be found in the literature concerning grit blasting
processes. An earlier study reported on the subject (Jones & Gardos, 1971) examined the
role that grit blast processing parameters play in the modification of stainless steel
surfaces. The author’s work focused on examining the texture, dimensional change, and
material removal performance of 100-mesh garnet used at a normal incident contact angle
(βi = 90°). Scanning electron micrographs were used to study the actual blasted surfaces.
The authors found that increasing blasting pressure generally increases the final surface
roughness, the metal weight loss, and the dimensional change. Surface damage from
individual impacts was found to be very small compared to the size of the abrasive
particles. As a corollary, the embedded (fractured) abrasive particles are very small
compared to the size of the impacts. Thus, it was concluded that in a single impact, an

12
abrasive particle appears to lose an extremely small percentage of its original mass due to
embedment.

A later investigation (Budinski & Chin, 1983) examined the geometric nature of
impact craters that are generated on various ductile metallic surfaces by single particle
media comprised of 120 grit aluminum oxide. The authors were able to classify impact
site features into the four basic categories shown in Figure 1.17, namely, pitting (Figure
1.17a), plowing (Figure 1.17b), shoveling (Figure 1.17c), and chipping (Figure 1.17d).
Moreover, these impact features were found to be independent of both the composition
and hardness of the substrate material. The author’s conjectured that the evolution of
texture and other features that characterize surface structure of grit blasting processes is a
complex superposition of these fundamental impact events. The authors also found that
particle shape is not important; if the particle diameters are the same then different
shaped particle will produce impact craters of similar area. The reason was attributed to
the fact that so little of the particle penetrates the target surface area. Impact craters
produced with typical suction blasting equipment and blasting parameters were found to
have a depth less than 10 percent of the diameter of a particle. It was also found that to
slightly increase the crater depth, large changes in particle size or particle velocity are
needed. This is because penetration of a particle to a depth equal to its radius will involve
plastic deformation of about 50 times as much material as to penetrate to a small fraction
of the particle radius. To reproduce a textured surface with craters of uniform area and
depth, a surface should contain no restrikes. The single impact events that were observed
and crater size relationships that were studied all became disordered with restrikes. The
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basic impact events produce craters with a plastically deformed rim that is raised from the
surface.

(Varacelle, Guillen, Deason, Rhodaberger & Sampson, 2006) used blast pressures
from 80 to 120 psi, blasting angle of 90 degrees, HG16, HG18, HG25 and HG40 metal
grit and conducted experiments on the substrate roughness and coating adhesion on a
1020 steel. The authors found that Rz varied from 74µm to 101µm for G16 whereas Pc
(Peaks/cm) varied from 79 to 119. HG16 produced maximum Rz profiles followed by
HG18, HG25 and HG40. It was also found that Ra increases as working distance and
pressure increases, with roughness reaching a maximum at maximum pressure and
distance. The measured values for Pc indicated higher peaks per cm for smaller grit sizes.

(Rhouma, Braham, Fitzpatrick, Ledion & Sidhom, 2001) studied the effects of
surface preparation on pitting resistance, residual stress, and stress corrosion cracking in
Austenitic stainless steels. AISI 316L (0.02% carbon) was sand blasted with quartz
particles of various diameters, at a pressure of 4 bars, an incident angle of 45 degrees. It
was found that sand blasting under chosen conditions always increases the surface
roughness relative to the ground initial surface. Wire brushing produced a rather variable
effect, but seemed to be better at high speeds in terms of producing a smoother surface
finish. They found that all the finishing treatments leave the surface in a state of
compression, following the grinding treatment, which induces tension in the grinding
direction and compression perpendicular to it. Maximum values of compressive residual
stresses at the surface were found to be -175 MPa for blasting and -125 MPa for wire
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brushing. Wire brushing was found to be the most effective in increasing the pitting
corrosion resistance. It was concluded that finishing treatments result in surface
hardening that depends on the precise surface preparation mode and the strain rate and
deformation temperature at the surface. Speed (in wire brushing) and particle size (in
sand blasting) determine the amount of cold work as well as the depth of hardened layers.
The surface state resulting from sand blasting is not affected as much as the similar
treatment by shot peening, owing to the relative small projectile size: 120 µm for QZ160
compared to shot peening where the diameter of the balls varies between 300µm and
800µm, which results in greater surface deformation. The plastic deformation gradient
generated creates an incompatibility of plastic deformation between the affected near
surface layers and the remaining base material. This incompatibility causes tensile
residual stress in grinding and compressive residual stresses in wire brushing and sand
blasting. These stresses are the results of superposition of two deformation fields (one
created by machining operations and other by finishing treatments).

(Knudsen, Kvernbraten & Bjorgum, 2009) published a paper in which they
explored the consequences when the coatings are applied onto a surface under less than
optimal conditions. For example, in offshore conditions, the coatings are applied at
relatively low temperatures and high humidity. Under such conditions, the coating is
usually applied on damp surfaces with remnants of rust and salt present. The authors
studied the performance of maintenance coatings in above conditions. It is known
beforehand that rust decreases the corrosion rate on carbon steel with time due to
protective properties of rust. In their research, steel panels were grit blasted and pre-
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rusted with seawater. The panels were then cleaned using a rotating brush and a rotating
disc, and ultra high pressure water jetting. Coating systems for maintenance were then
applied at conditions simulating the marine environment (80% Relative Humidity and 10
degrees Celsius). The panels were left to cure and then corrosion tested. It was found that
steel brushed panels have less corrosion creep compared to grit blasted and UHP cleaned
panels. It was found that to obtain good corrosion performance, there is no need to
achieve a white metal finish and good performance can also be achieved even when there
is rust on the surface.

(Wojnar, 2006) studied the bristle peening tool and was the first to report the
rebound phenomenon displayed by the bristle tool. He studied the basic forms of the
bristle shapes, namely forward bend, reverse bend and no bend. Using high speed
photography he suggested the design of tool using the forward bent bristles because the
other two forms were observed to drag on the workpart surface. His experiments on
fatigue life proved that bristle peening induces compressive residual stress and increases
the life of specimen (6061-T6 Aluminum alloy).

1.3.2 Brushing Tools

Although little information is available in the literature regarding the contact
mechanics of brushing tools, previous researchers (Shia, Stango & Heinrich, 1993; 1998)
have examined the theoretical dynamic contact forces exerted by a bristle onto a flat,
rigid surface. Their work indicated that the contact event is characterized by an abrupt,
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large force that is subsequently followed by a retraction or rebound of the bristle tip from
the rigid surface. As further investigation into the problem continued (Stango, Cariapa &
Zuzanski, 2005) an experimental method was developed and used for measuring the
variation of bristle forces within the contact zone. In this work, the author’s
demonstrated that bristle tips do indeed exert transient forces of significant magnitude
near the point of entry within the contact zone. A key outcome of this research is shown
in Figure 1.18, where the measured average force exerted by bristle tips throughout the
contact zone is shown for three different rotational speeds n1 = 550 rpm, n2 = 1,300 rpm,
and n3 = 2,850 rpm. In each case, the bristle forces within the initial portion of the
contact zone rise abruptly as the speed is increased. However, one may observe that the
bristle tips remain in contact with the surface throughout the entire excursion.
Consequently, brushing processes are known to generate score markings or striations
along the entire region of contact. These markings are easily identified in Figure 1.19,
and have been the subject of considerable discussion in the literature (Cariapa, Stango,
Liang & Prasad, 1991; Stango, Cariapa, Prasad & Liang, 1991; Stango, Fournelle &
Chada, 1995; Overholster, Stango & Fournelle, 2003).

As an outcome of the research completed by Stango et al., 2005, the author’s
concluded that with proper bristle design, rotary bristle tools could be reconfigured to
perform impact processes such as peening operations. This concept was further explored
with the aid of a high-speed digital camera (Wojnar, 2006) and has shown that singlecrater indentation can be regularly obtained by bristle tips, pending properly designed
bristle geometry. That is, impact of the bristle tip with a targeted surface is immediately
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followed by retraction or rebound of the tip, thereby resulting in the formation of a crater
that is similar to blasting and peening processes. This finding provides a cornerstone for
altering the behavior of bristle dynamics as well as the morphology of surfaces that can
be generated by rotary bristle tools, and is further discussed in the next section.

1.3.3 Bristle Blasting

Wilds, 2009 investigated the bristle blasting process as a surface preparation
method. The author identified that the key concern in maintaining offshore or onshore
structures in corrosive environments is the time for which the remedial coating lasts.
Various preparation techniques were evaluated with respect to profile measurements and
coating adhesion strengths. Table 1.1 and Table 1.2 show the profile measurement results
and it was concluded that bristle blasting performs better than Power Tool Disc under
both circumstances. In fact, the numbers for bristle blaster were found to be within close
range of those of grit blaster.

Table 1.1: Profile Measurements with initial surface conditioned classified as Grade A

Surface Preparation Method Rust
Grade A

Rmax Range
(µm)

RPc Range
(Peaks/cm)

Bristle Blasting
Power Wire Brush
Grit Blasting

60 - 115
25 - 45
72.5 - 85

23 - 35
38 - 78
45 - 51
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Table 1.2: Profile Measurements with initial surface condition classified as Grade D

Surface Preparation Method Rust
Grade D

Rmax Range (µm)

RPc Range
(Peaks/cm)

Bristle Blasting
Power Wire Brush
Grit Blasting

67.5 - 107.5
47.5 - 80
87.5 - 122.5

14 - 30
8.0 - 17
37 - 50

From Figure 1.20 and Figure 1.21 it was concluded that bristle blasting method
performed well against the other two methods studied. It was recognized that the bristle
blasting tool is a good choice for small works like pipe field joints as it cannot compete
with grit blasting in terms of process times. Based on the degree of cleanliness obtained,
it was concluded that bristle blasting clearly outperforms conventional power tool
technique. Also, bristle blasting tool was found to be at least equivalent to and exceed the
cleaning that is achieved by White Metal Blast cleaning (SP5).

1.4 Bristle Blasting Tool

1.4.1 Peening Tool and Relation to Present Work

To begin, the dynamic response of a single bristle or monofilament was examined
using the high speed digital video camera. For purpose of comparison, three differently
configured bristles were used, namely reverse-bent knee (Figure 1.22a), without bend
(Figure 1.22b), and forward-bent knee (Figure 1.22c). In each case, bristles had an overall
length L=2.8cm, diameter db=1mm, attached to a hub of radius rh = 2.8cm which rotates
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at constant speed of 2,800 rpm. The target surface is composed of flat steel that has been
hardened and ground to better understand the “rebound” phenomenon.

Data for the study has been taken from (Wojnar, 2006) and further analysis has
been carried out. Video software used for this purpose was Photron Fastcam Viewer
(PFV, Version 2.4.5.0). The software has a dedicated co-ordinate system which displays
the X and Y coordinates of the locator. Since, this software uses a generic X and Y
coordinates in terms of frame size, it had to be converted into length units (cm). Since the
length of straight bristle was known (2.8 cm), it was easy to locate the end points of
bristle on the screen and calculate the length of the bristle in terms of generic units using
the following distance formula. The specific coordinates of Point A (Figure 1.23) and
Point B (Figure 1.24), respectively, are given by A (X,Y) = (16,185), and B (X,Y) =
(70,12) (dimensionless units). Length of the bristle in generic units (using distance
formula):

  70  16  12  185  181.23
.!

Therefore, one generic unit length of camera is equal to"!".

#

(1.4)

 0.0154 %. Thus, all the

data generated from the video software can be converted into length units.

Using the same tracking system to locate the end points of the bristle, one may
locate the bristle tip at various intervals and plot the bristle tip path for each of the bristle
type. Figure 1.25 shows the bristle tip at an arbitrary instant of time and its coordinates.
For easier comparison, the origin of the coordinate system was shifted to the point of
impact for each bristle. This helped to observe and compare the impact phenomenon for
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each bristle type in the global coordinates. The kinematic response of the bristle tip for
three different bristle types was recorded and generated on a graph paper using
MATLAB as shown in Figure 1.26.

Observations

Careful observation of Figure 1.26 revealed that although bristle tip retraction
after the impact is exhibited by all three filaments, sliding contact occurs between the
bristle tip and target surface for only two configurations, namely reverse-bent knee
(diamond) and straight bristle (triangle). The reverse bent bristle tips stays in contact with
the target surface for a longer duration than the straight bristle. The score length for
reverse bend bristle is about 3 times than that of the straight bristle. However, the
forward-bent bristle (circle) undergoes impact and immediately rebounds from the target
surface. In fact, the bristle tip for forward bent bristle goes behind (i.e. to the left of the
impact site as seen from front view) the impact site momentarily and returns to its
equilibrium position without coming in contact with the target surface. Also, the rebound
height for the bristle tip was approximately 10% of the bristle length. This
impact/rebound phenomenon is not a tool signature associated with brushing processes.
Therefore, it was conjectured that rotary tools fabricated from forward-bent bristles will
generate a crater or micro-indentation, which is uncharacteristic of brushing tools.
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1.4.2 Bristle Blasting Tool

Key features of the bristle blasting equipment are illustrated in Figure 1.27 and
consist of a specially designed rotary bristle tool which is attached to a power tool spindle
that operates at approximately 2,500 rpm. The lightweight power tool can utilize either a
pneumatic (tare wt. 1.18 kg [2.6 lb]) or standard electric (tare wt. 1.81 kg [4.0 lb]) power
source. A safety switch and dust exhaust system (not shown) is included as standard
equipment for the pneumatic version of the tool. The apparatus shown in Figure 1.27
also features a specially designed accelerator bar that enhances the kinetic energy of the
tool as wire tips impact the corroded surface.

As shown in Figure 1.28, the bristle blasting tool is constructed from steel wires
that are bent forward and protrude through a fiber-reinforced polymeric belt which is
fitted over a rigid plastic support ring. This assembly is then attached to the power tool
spindle using an interlocking die-cast hub. The wire tips are heat-treated/hardened,
which enhances the corrosion removal capability and longevity of the tool. Together, the
bristle geometry, accelerator bar, and spindle speed are precisely tuned in order to
provide an immediate retraction of the bristle tip from the corroded surface after impact.
This dynamic response is unique to the bristle blasting process, and results in an impact
crater that can be likened to those obtained during standard grit blasting processes.
Therefore, bristle blasting system retains the advantages of grit blasting, namely, crater
formation and anchor profile capability and additionally eliminates the following
disadvantages:
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•

Cost – Bristle blasting system uses economical, maintenance free tools,

•

Portability – The whole assembly comprises of a light weight hand held
device,

•

Eco-Friendly – Machined debris being the only by-product, the bristle
blasting process produces no hazardous by-products,

•

User Friendly – The operator has to wear nominal protection that increases
comfort and reduces fatigue and thus increases the efficiency of the worker.
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Figure 1.1: Pictorial Representation of an abrasive blasting process with an arbitrary
shaped grit.

Figure 1.2: Delivery of abrasive media to workpart surface via blast gun.

Figure 1.3: Overview of apparatus needed for performing abrasive blasting operation
(Roman, P.(2004)).
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Figure 1.4 : Worker using an abrasive blasting system. Used with permission of the
publisher (under terms of GNU Free Documentation License)

Figure 1.5: Planar view of wire brushing tool (lower portion only) illustrating bristle tips
in contact with the workpart surface, S. The population of wires within the contact zone
has been reduced to simplify the illustration of varying forces that each wire tip exerts.
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Figure 1.6: Conventional Wire Brush.

Figure 1.7: Typical brushed surface illustrating continuous score markings throughout the
contact zone.

Figure 1.8: Key features of a needle gun system namely wire rods/chisel and inlet for
compressed air.
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Figure 1.9: Needle gun in use. Used with permission of the publisher (under terms of
Public Domain use)

Figure 1.10: Surface generated by a needle gun system.

Figure 1.11: Elements of a bonded abrasive namely backing, making coat, sizing coat and
abrasive grains. (Gillespie, L. K. (1999), Deburring and edge finishing handbook, 237)
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Figure 1.12: Power Abrasive Disc.

Figure 1.13: Ground/treated surface illustrating score markings generated by cutting
mineral throughout the contact region.

Figure 1.14: Schematic representation of non-woven abrasive materials (Gillespie, L.K.
(1999), Deburring and edge finishing handbook, 238)
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Figure 1.15: Schematic representation of controlled cutting action of non-woven abrasive
materials (Gillespie, L.K. (1999), Deburring and edge finishing handbook, 238).

Figure 1.16: Different types of abrasive-filled nylon brushes (Gillespie, L.K. (1999),
Deburring and edge finishing handbook, 263).
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Figure 1.17: Basic types of impact craters formed during an abrasive blasting process
(Budinski & Chin, 1983) namely pitting, plowing, shoveling and chipping.

Figure 1.18: Experimentally measured average bristle force in contact zone for standard
wire brush at three different spindle speeds (Stango, et al., (2005)).

Figure 1.19: Score markings or striations associated with a typical wire brushing process.
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Figure 1.20: Average corrosion creep for three methods tested. (Knudsen, et al., (2009))

Figure 1.21: Average adhesion strength for three methods tested. (Knudsen, et al.,(2009))

31

Figure 1.22 : Geometry of three differently configured bristles featuring [a] (reverse bent
knee). [b] (straight without bend) and [c] (forward bent knee).

Figure 1.23 : Point A on the peening bristle.
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Figure 1.24: Point B on the peening bristle.

Figure 1.25: Peening bristle at an arbitrary instant during the motion tracking experiment.

Figure 1.26: Kinematic response of three different types of bristle shown in Figure 1.17.
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Figure 1.27: Overall description and key features of the bristle blasting system. Tool
shown is ready to be used.

Figure 1.28: Design and construction of the bristle blasting tool. Upon assembly of
components shown, tool is ready to be mounted on the spindle.
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2.

MECHANICS OF BRISTLE BLASTING PROCESS

2.1 Introduction

In previous works (Wojnar, 2006) it was found that a bristle would rebound off a
work part’s surface during impact under certain conditions. It was decided that this bristle
rebound phenomenon was important for studying bristle blasting and a better means of
viewing this event was needed. Therefore, the FASTCAM – Ultima APX-RS was used to
study this phenomenon.

A number of technical terms that are associated with high speed digital cameras
are briefly discussed in this section. Frame rate (f) of a digital camera measures the rate
at which the device can produce distinctive images or frames. Frame rate is expressed in
frames per second (fps) or Hertz (Hz). Display resolution is used to refer to the number
of pixels that be displayed. Pixel resolution is usually described with two integers, the
former quantifies the number of pixel columns or width, and the latter refers to the pixel
rows (height). With the FASTCAM – Ultima a maximum frame rate of 250,000 fps at
128x16 pixels and a minimum frame rate of 3,000 fps at 1024x1024 pixels was possible.
Previous research (Wojnar, 2006) showed that the appropriate frame rate for studying the
rebound phenomenon was 30,000 fps. Shutter time or Shutter speed (T) is the length of
time shutter is open. The total time of exposure is proportional to this exposure time or
the duration for which light reaches the image sensor. Shutter speed is measured in
seconds. Slow shutter speeds are usually used in low light conditions as it allows more
light to reach the image sensor. Long shutter speeds are used to create a blur for a fast
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moving object. Wojnar (2006) showed that the best shutter speed for this particular type
of motion to be T = 0.033 ms (milliseconds), which turned out to be the highest allowable
value for frame rate of 30,000 fps. For the above mentioned frame rate and shutter speed,
the high speed camera allowed a maximum allowable resolution of 256x256 pixels. Also,
since the shutter speed was relatively small, more light was needed to properly illuminate
the background. Two halogen lamps (Lowel DP) with parabolic reflectors were used to
reduce glare and improve the lightening and shadowing pattern. Lamps were used to
focus on the impact zone. The lens used for the camera was a 105mm F-mount. Finally,
the camera was placed in the position looking along the z-axis (front view of the bristle
blasting phenomenon) and centered on bristle impact location. A number of videos were
recorded using the bristle tool and were simultaneously saved on a computer for future
reference. Also, both monofilament and full bristle tool was used for collecting visual
data. The tool was operated at various discrete penetration depths.

2.2 Monofilament Impact

2.2.1 Impact Analysis

The bristle blasting process features a unique property which generates surfaces
that mimic grit blasting processes, namely, the formation of impact crater. Together, the
individual bristle and power tool are synchronized to yield a single primary impact and
immediate retraction of the bristle tip from the target surface. For a multifilament bristle
tool, this primary impact is followed by a series of secondary impacts. The primary
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impact event occurs over an extremely short duration (approximately 0.0003 seconds),
and a high speed camera was used to study and optimize the process. High speed videos
captured were studied carefully and a photographic sequence of seven consecutive frames
was generated as shown in Figure 2.1 . This sequence captures the complete impact event
of a bristle tip prior to, during, and after contact with a flat-grounded API 5L steel
surface. This sequence of photographs clearly shows that the incoming bristle tip (Frame
1) approaches the metallic surface (bristle is moving from left to right) and undergoes
contact at the indicated impact site (Frame 2). Next (Frame 3), the bristle tip immediately
retracts from the surface; that is, no score marking or striation is generated during the
impact event. Careful examination of Frames 3, 4 and 5 reveal that the initial
rebound/retraction of the bristle tip occurs toward the rearward direction, i.e., the
position of the bristle tip is behind the impact site. At an instant later (Frames 6 and 7),
further bristle recovery occurs as the bristle moves forward and eventually returns to an
equilibrium position prior to generating subsequent impacts. Figure 2.2 shows the SEM
image of the actual impact crater generated during the above process i.e. impact of the
bristle tip with a flat, ground API 5L specimen.

Several high speed videos were captured that focused on the impact at the
accelerator bar. Careful examination of those videos revealed that when the bristle first
hits the accelerator bar, the impact lifts the bristle in the opposite direction of motion. The
bent knee of the bristle then slides on the accelerator bar. As shown in Figure 2.3, precontact of the bristle tip with the accelerator bar at point Q causes impact and subsequent
retraction of the bristle tip, thereby providing storage and release of additional energy as
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the bristle accelerates toward the target surface. This concept is further illustrated in
Figure 2.4, where the anticipated bristle tip motion is shown after contact has been made
with point Q. Thus, the accelerator bar helps to store the potential energy of the bristle
and then that energy is converted into kinetic energy (hence, no energy is lost in the
interaction with the accelerator bar). This gradual release of kinetic energy is responsible
for the increased velocity of the bristle just before the impact. As shown in the next
section, the velocity of the bristle tip increases by about 88%, in the presence of the
accelerator bar. This increased velocity then results in an increased rebound height and
depth of crater.

Another event that was noticed in the high speed videos was a string of very small
rebounds and impacts after the bristle had passed the initial impact site. These impacts (to
the right of the initial impact site) were termed as “secondary” impacts. The area on the
metallic surface subjected to secondary impacts was called “secondary zone” since the
impacts were weaker than the primary impacts and the “shoveling” action was not as
pronounced. It was later found that at higher penetration the secondary impacts increase
and the extent of overlap depends on the width of the area encompassing secondary hits.

2.2.2 Calculation of Actual Bristle Mass Center Velocity (vcm)

High speed imaging was analyzed with standard software Photron Fastcam
Viewer (PFV version 2.4.5.0) for calculation of actual bristle mass center velocity. The
software creates coordinates (X and Y) of any point within a particular frame in terms of
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relative frame size. By using appropriate calibration discussed in the previous section
frame size can be converted into length units of centimeters (cm). The specific
coordinates of Point A (Figure 2.5) and Point B (Figure 2.6), respectively, are given by A
(X,Y) = (169,250), and B (X,Y) = (219,186) (dimensionless units). Therefore, length of

the shank of the bristle =219  169  186  250  81.21. Actual length of the
main body is 2.2 cm.

Thus,
1 '()* (+*, -. %/0/ 

1
2.2
% 
%  0.027%
37
81.21

Figure 2.7 shows a screen capture of the working window of PFV Software and it
shows the Frame rate and Resolution used. All the frames are numbered and the real time
is displayed in seconds. The bottom right of the screen shows the coordinates in X and Y
(camera units). Also, the software has the features which allow the playback of the video
at a minimum rate of 1 fps. In summary, with an appropriate set-up and videos it was
possible to retrieve a lot of quantifiable information like bristle velocity and rebound
height from the collected visual data.

To calculate the actual velocity of the center of mass, the coordinates of the center
of mass were required for two different frames. The first frame was chosen when the
bristle left the accelerator bar (as the camera was focused on impact zone, this particular
frame was not usually available, so the very first frame available after bristle-accelerator
bar interaction was chosen). Second frame was chosen as the penultimate frame before
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the contact with the work piece occurs. Center of mass coordinates for the first frame are
labeled X1 and Y1 and the coordinates for the second frame are called X2 and Y2. As
shown in Figure 2.8, Distance, d moved by the bristle mass center from Frame 1 to

Frame 2 is given as 1  2"  2   3"  3  , where, X1,Y1,X2 and Y2 have been
converted into length units (cm) from the camera units. Time-span, t between Frame 1

and Frame 2 is given by*  *  *" , where, t2 is the time at Frame 2 and t1 is the time at
Frame 1. Both t2 and t1 can be read directly from the recorded videos. So, velocity of
bristle mass centre (vcm) is given by
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Table 2.1: Calculation of actual bristle velocity (with accelerator bar) using high speed videos (Tool RPM: 3000)

Run

X1
(cm)

Y1
(cm)

X2
(cm)

Y2
(cm)

t2
(secon
ds)

1
2
3
4
5
6
7
8
9
10

5.13
4.56
4.72
5.13
5.18
4.81
4.64
5.01
4.94
5.02

6.18
5.81
5.86
6.16
6.23
5.97
5.83
6.11
6.08
6.17

5.91
5.81
6.01
5.75
5.83
5.91
5.75
5.86
5.78
5.59

6.48
6.22
6.43
6.41
6.48
6.48
6.43
6.43
6.45
6.48

0.0262
0.0332
0.04
0.0126
0.0259
0.0349
0.0414
0.0477
0.0114
0.005

t1
(secon
ds)
0.0258
0.0326
0.0393
0.0124
0.0256
0.0344
0.0409
0.0473
0.0111
0.0047

d (cm)

t x10-4
(secon
ds)

Vcm (m/s)

0.85
1.38
1.39
0.67
0.68
1.22
1.26
0.94
0.91
0.64

3.67
6
6.34
2.66
3
4.67
5
3.67
3.66
2.67

23.16
23.01
21.92
25.18
22.66
26.12
25.2
25.61
24.86
23.97

Therefore from Table 2.1 the average center of mass velocity comes out to be 24.15 m/s.

The translational velocity of bristle mass center (without the accelerator bar) can
be calculated using simple formulae. The translational velocity at any point on the bristle
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is given by product of the rotational velocity and distance from the center of rotation. As
shown in Figure 2.9, for the center of mass of bristle, the distance from the center of
rotation (center of hub) is given by the sum of radius of hub and half of the length of
bristle i.e. (rh + L/2). Therefore,
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  :0;  = , where ω = 2πN/60, N = 3000 rpm, rh
<

= 2.75 cm and L = 2.7 cm. The velocity of center of mass (without accelerator bar) comes
out to be 12.87 m/s and the velocity of centre of mass (with accelerator bar (as calculated
from Table 2.1) is 24.15 m/s. In summary, the presence of accelerator bar increases the
bristle velocity by 88%.

2.2.3 Estimation of the Impact-times of the Bristle and Workpiece

Impact times were estimated for each case by counting the number of frames that
were seen in contact of the bristle tip with the workpart. The impact time was estimated
using the number of frames and the frame fate f. However, since the frames were chosen
visually, an approximate error of one frame was used. So, a range of 2 frames was given
to show all possible impact times, shown in Table 2.2

Table 2.2: Estimated impact times of bristle with the target surface.

Run#

RPM

1
2
3
4
5

3250
3250
3250
3250
3250

Frames during Impact Estimated Impact times (ms)
11 to 12
9 to 10
10 to 11
12 to 13
10 to 11

0.36 to 0.40
0.30 to 0.33
0.33 to 0.36
0.40 to 0.43
0.33 to 0.36
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6
7
8
9

3250
3250
3250
3250

9 to 10
9 to 10
9 to 10
9 to 10

0.30 to 0.33
0.30 to 0.33
0.30 to 0.33
0.30 to 0.33

All Impact times are close numerically. From Table 2.2 we can infer that the impact
times are in within a close range of 0.30 to 0.33 milliseconds.

2.3 Full Bristle Impact

To study the signature of a fully populated bristle tool, a flat-ground steel
specimen was prepared. High speed digital camera was used to study the operation of
fully populated bristle tool with the target surface. Figure 2.10 shows the interaction of
bristle tips with the accelerator bar. It can be clearly seen that the bristle tips momentarily
reach zero velocity whilst the hub is still rotating in counter clockwise direction (left to
right in the image shown). The bristle tips then leave the accelerator bar (Point, P) and the
additional stored energy (potential) is gradually released as kinetic energy. From the time
when the bristle tips leave the accelerator bar till the actual impact with the specimen, the
tips are undergoing acceleration to come in equilibrium with the hub. This phenomenon
increases the bristle tip velocity just before impact with the specimen. Figure 2.11 shows
the approach of the bristles after they have left the accelerator bar. Figure 2.12 shows the
impact of the forward bristles with the target surface. In Figure 2.13 it can be seen that all
the bristles have their first impact within a narrow band which has been identified as the
primary region. The above figure also shows the secondary impacts as discussed earlier
in the section. The rebound/retraction after the primary impact can be seen in Figure 2.14.
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In a fully populated tool, all bristles except the rear bristles of a cluster, are still
dissipating their energy and there is not enough room for other bristles to go back. The
full rebound of the rear bristles (of a single cluster) can be seen when bristles at the
trailing edge of a cluster strike the surface as seen in Figure 2.15.

In summary, careful examination of high speed videos confirmed that the working
of a single bristle can be extrapolated to predict the behavior of a full set of bristles. High
speed videos for the full bristle exhibited the “rebound” and “additional energy storage”
phenomenon. But due to the presence of neighboring bristles, the rebound was not as
high as in the case of single bristle impact. The bristles at the end of the cluster exhibited
a much higher rebound than the rest of the cluster primarily due to absence of bristles at
their trail.

2.4 Underlying Principles of Operation

The underlying principles of the bristle blasting process are based upon two
fundamental concepts of mechanics. First, in order to remove corrosion and penetrate the
substrate, the bristle tip must have an appropriate geometry, and must have greater
hardness than the target surface. Second, upon striking a stationary surface, bristle tips
exhibit rebound and retraction from the surface after impact. In this section, each of
these important performance characteristics is briefly examined for a recently
developed/commercially available bristle blasting tool system.
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As shown in Figure 2.16 and Figure 2.17, the bristle consists of several different
regions that each performs a specific function during the bristle blasting process. The
main body of the bristle provides both mass and flexibility (i.e., stiffness) that is essential
for the dynamic performance of the tool, whereas the bristle tip/shank is heat treated in
order to obtain hardness (HRC ≈ 65) that is necessary for efficient corrosion removal
performance. Also, the ground/sharpened bristle tips play a key role in exposing fresh
surface and generating a receptive anchor profile (typically 65 < RZ (microns) < 85) that
is needed prior to the application of paints and coatings. Finally, the shank provides an
extended zone where hardness transition can occur, thereby reducing the brittleness and
increasing the toughness of the wire prior to reaching the knee of the forward bent wire.
Consequently, wire fracture/breakage is minimized for the duration of the tools service
life. Figure 2.18 shows the 3 clusters of bristles present in the tool, where each cluster
comprises of approximately 160 bristles. For future references it is noted that the tool
rotates at approximately 2500rpm with main body of the bristle (L1) equal to 22 mm,
shank (L2) 5 mm, face width 22 cm, hub radius (rh) 27.5 mm, bristle diameter (db)
0.78mm and mass of bristle (mb) 0.083 gms.
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Figure 2.1: Seven consecutive frames captured from a high-speed digital camera
depicting the approach of the bristle tip (Frame [1]); impact (Frame [2]); retraction
(Frames [3], [4], and [5]); and continued movement of the bristle tip away from the
contact region.

Figure 2.2: SEM image of actual impact crater caused by bristle tip impact with API 5 L
material systems.
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Figure 2.3: Retraction of the bristle tip on contact with the accelerator bar.

Figure 2.4: Acceleration of the bristle tip towards the target surface upon release from the
accelerator bar.
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Figure 2.5: Point A on the bristle.

Figure 2.6: Point B on the bristle.

Figure 2.7: A screenshot of the Photron FASTCAM software.
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Figure 2.8: Distance (d) moved by the center of mass of bristle in time (t).

Figure 2.9: Pictorial representation of velocity of bristle mass center.

Figure 2.10: (Left) Interaction of the bristle tips with the accelerator bar, (Center) Bristle
tips just before leaving the accelerator bar, (Right) gradual increase in velocity of bristle.
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Figure 2.11: Approach of the bristles during bristle blasting process.

Figure 2.12: Impact of forward bristles with the target surface.

Figure 2.13: (Left) Bristle hits concentrated in the primary zone, (Centre) string of
secondary impacts after the primary contact/rebound, (Right) Primary Zone clearly
visible.
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Figure 2.14: Initial impact and rebound exhibited by forward bristles.

Figure 2.15: Full rebound exhibited by the trailing bristles of a cluster.

Figure 2.16: Design and Construction of bristle blasting tool.
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Figure 2.17: Functional regions of the bristle, including the bristle tip, shank, knee, and
main body.

Figure 2.18: (Left) 3 clusters of bristles with each cluster comprising of approximately
160 bristles, (Right) main regions of the bristle body.
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3.

BRISTLE DYNAMICS AND MODELING CONSIDERATIONS

3.1 Introduction

To understand the bristle dynamics, bristle blasting tool/accelerator bar mechanics
was modeled as a rotational spring assembly. The tool was modeled as a rigid body with
appropriate assumptions and it helped to obtain the theoretical velocity of the bristle
before it impacts the target surface. Upon further simplification, the equation for the
actual bristle velocity was found. Configuration and operating conditions for bristle
blasting tool were developed that generate an equivalent kinetic energy to grit blasting
processes.

Grit Blasting Process

The grit blasting process is depicted in Figure 1.1, whereby media having mass
mp undergoes free impact with target surface S. Process parameters include the media
pre-impact speed vp and arbitrary media entrance angle βi, whereas the post-impact speed
vf and exit angle βf of the media is a consequence of the elastic-plastic interaction that
characterizes the impact event. On the basis of particle mechanics, the available kinetic
energy and working energy KEp of the media can be computed. The available pre-impact
kinetic energy of the grit is given by,

1
  
2



(3.1)
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The velocity vp has two components, horizontal and vertical. Vertical component pushes
the grit on the target surface and horizontal component moves the grit along the surface.
If impact angle of 90 degrees is used, then horizontal component will be zero. However,
when the impact angle is less than 90 degrees, the horizontal component of velocity is not
zero. If friction is neglected, the horizontal component would remain constant even after
the impact and there is no change in energy from this component during impact. Under
these assumptions, only the vertical component of velocity (given by vpSinβi) is
responsible for the energy change, and kinetic energy associated with the grit is
calculated based on this component. Therefore, the working kinetic energy of the grit is
given by,

1
   
2

 sin  

(3.2)

3.2 Straight Bristle

3.2.1 Kinetic Energy/Impact Analysis based on Rigid Body Mechanics

Bristle blasting process involves repetitive contact of bristle tips with a target
surface. The process is shown in Figure 3.1, whereby bristles having a length L, and mass
mb, are attached along the perimeter of a rotating hub having radius rh and angular
velocity ω. Here, the bristle/media is constrained at one end (namely, the hub) whereas
the bristle tip is free to undergo periodic contact with the surface. To determine the
kinetic energy of bristle, several assumptions had to be made. A pin connection was
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assumed at the point of connection between the bristle and the hub at point BO. This
helped to neglect the bristle rotation about point BO. Air-drag and resistance were also
neglected in the current analysis. With these assumptions, the kinetic energy of a straight
bristle (in absence of accelerator bar) can be computed as follows:
1
>. ?  4 
2

(3.3)

where IC is the moment of inertia of the bristle about the center of rotation (same as

center of the hub (O) in present case) and ω is its angular speed in radians per second

(rad/sec), which is related to hub speed n (rpm) by   #B (. Using parallel axis theorem
A

one can find the moment of inertia of bristle about center of rotation, given by 4   

 C8 . LC is the length from the bristle mass center to center of hub, C8   0D and IG
<

is the moment of inertia of the bristle about its mass center,  "  C . The velocity of
"

center of mass of the bristle just before impact can be calculated as done in the previous
section,



 : C  0D = .Now, substituting it back into equation 3.3, the Kinetic
"

Energy of the bristle is given by,

1
1
>?   E   
2
2

where, the term  E denotes the translational kinetic energy of bristle and

"

"

  represents the rotational kinetic energy.

(3.4)
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3.2.2 Kinematic Response of Bristle Tips (in absence of accelerator bar)

Bristle blasting tool has a novel feature called the “accelerator bar”. Analysis of
bristle blasting videos (after purposefully removing the accelerator bar) revealed that this
feature modifies the behavior of the tool from a normal rotating tool by increasing the
pre-impact velocity of the bristle and hence the kinetic energy during the impact. Precontact of the bristle tip with the accelerator bar causes impact and subsequent retraction
of the bristle tip, thereby providing storage and release of additional energy as the bristle
accelerates towards the target surface. A bristle blasting tool without accelerator bar hits
the target surface with less velocity and the impact is not as efficient as the ones with the
use of accelerator bar. Hence, the “rebound” of bristles is not as high and this leads to
more “secondary” hits. To better understand the effect of accelerator bar on rebound
phenomenon, high speed videos were captured and the motion of bristle tip was tracked
as done in Section 1.4. Figure 3.2 shows the kinematic response of the bristle blasting
tool (forward bent knee) for the case of standard bristle motion (without the accelerator
bar) and enhanced bristle motion (with accelerator bar). It can be clearly seen that the
secondary hit phenomenon increases in absence of accelerator bar. Also, the primary
rebound height decreases by about 50% in absence of accelerator bar. As shown in the
previous sections the accelerator bar also increases the velocity of the bristle tip by about
88%. Hence in effect, the accelerator bar enhances the impact of the bristle by increasing
its velocity, primary rebound height and decreasing the tendency for secondary hits.

55
3.2.3 Retraction of Tip/Minimal Score Marking

As discussed previously, the configuration of the knee plays an important role in
the surface generated by the bristle blasting tool. Figure 1.26 shows the path taken by
three different types of bristles after impact with the target surface. A bristle with
forward-bent knee performs better than a straight or reverse-bent knee bristle. It can be
seen that the forward-bent bristle has no drag on the target surface, compared to the
straight bristle which drags on the target surface and thus leads to striations. The reversebent bristle drags most on the target surface and has the least retraction of the tip among
the three different types of bristles studied. Hence, it was decided to manufacture and
study the forward-bent bristle tools only.

3.3 Development of Dynamic Model for Enhanced Bristle Motion (with
accelerator bar)

As already discussed, placing an obstruction in the bristle path increase the
velocity and hence the energy associated with the bristle motion. This additional energy
will now be accounted for by dynamic modeling of the bristle tool/belt assembly as a
rotational spring. In practice, accelerator bar is rigidly attached to the frame of the power
tool. As shown in Figure 2.3, pre-contact of the bristle tip with the accelerator bar at
point Q causes impact and subsequent retraction of the bristle tip, thereby providing
storage and release of additional energy as the bristle accelerates toward the target
surface. This concept is further illustrated in Figure 2.4, where the anticipated bristle tip
motion is shown after contact has been made with point Q. One may observe that the

56
impending motion of the bristle can be computed by superimposing the rotational speed
with the supplemental speed associated with the natural frequency of the bristle. In
practice, the natural frequency of the bristle can be ascertained by experimental
observation in conjunction with elementary dynamic analysis of the system.

To calculate the theoretical velocity of the bristle rigid body modeling approach
was used. The first step was to develop the equation for the natural frequency of the
bristle and then relate it to the velocity of the bristle. As shown in Figure 3.3, L*
(equivalent bristle length) was measured directly from the available bristles. This L* was
verified by calculating the equivalent length analytically using the design angle of 26
degrees (and was found to be 0.0266m). Close observations of the high speed video
revealed that the visco-elastic belt was acting as a rotational spring which tried to restore
the bristle to its equilibrium position. Bristle is assumed to be rigid and hence its bending
is neglected. A simple experiment was designed to calculate the rotational stiffness of the
bristle. Specially designed bristle blasting tool (which had a single bristle) was mounted
on a milling table capable of vertical deflection (resolution ≈ 0.01 mm). An electronic
weighing balance (specifications given in Section 4) was kept on the milling table right
below the bristle to measure the forces as shown in Figure 3.4. As shown in Figure 3.5,
the weighing balance was given precise deflections using the milling table. As the bristle
tip was in contact with the weighing balance, the tip also underwent the same deflection.
The objective of the experiment was to relate the vertical deflection (y) of the tip with the
corresponding force reading on the microbalance. The vertical deflection of the tip was
converted into the radial deflection (θ) of the bristle about point BO. Force reading on the
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microbalance was converted into torque exerted. The torque was then plotted against the
radial deflection to get the radial/ rotational stiffness of the bristle belt system.

As shown in Figure 3.6 it was observed that there was a “dead zone” in the bristle
i.e. the bristle did not come back to zero radial deflection after removal of the applied
force. This was attributed to the flexibility of the visco-elastic belt. However, no
deformation/bending were observed in the bristle. Using camera images this dead zone
was calculated as 20 degrees. This dead zone of 20 degrees (0.3491 radians) was added to
all the radial deflections. As the radial deflection was high as 48 degrees, it was decided
to consider only the transverse component of force for calculating the torque applied. As
shown in Figure 3.7 the transverse component of the total force was given by FCosθ. The

force exerted was converted to torque applied at the point of connection BO as FG 
CH IJ-KL.

Table 3.1: Torque corresponding to radial deflection of the bristle

Deflection (θ)
0.3491
0.4446
0.5401
0.6356
0.7311
0.8265

T1
0.0000
0.0034
0.0083
0.0101
0.0159
0.0213

Torque (Nm)
T2
0.0000
0.0033
0.0086
0.0103
0.0158
0.0203

T3
0.0000
0.0036
0.0092
0.0105
0.0146
0.0198

Average Torque (Nm)
0.0000
0.0034
0.0087
0.0103
0.0154
0.0204

The applied torque was then plotted against the radial deflection in radians as
showed in Figure 3.8 A curve fit line (based on least squares method) was used to find
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the slope (which is equal to Kt). As shown in Figure 3.8, the rotational stiffness of the
system (Kt) was computed as 0.41 Nm/radians.

Figure 3.9 depicts the free body diagram of the bristle depicting all the loads. Applying
D’Alembert’s principle and taking moment about A* and setting it equal to zero i.e.

∑ NO  0*/P)(+ %-'(*0 %-%PQ)K -(* /K R-K)*) ).
1 L CH
1 L
0
S T
 >7 L  0
1* 2
1*

(3.5)

CH 1 L CH 1 L

 >7 L  0
4 1*
12 1*

(3.6)

where, r is the moment arm and is equal to L*/2,

CH 1 L
 >7 L  0
3 1*

(3.7)

CH
LU  >7 L  0
3

(3.8)

LU  V L  0

Equation 3.9 is the equation of motion, where, H 

(3.9)

9<H
#

W

, > H  >7 and ωn is the natural

frequency of the system given by ωX  Y \][HW . Using Kt = 0.41 Nm/radian and mb =
Z

^

0.000083 Kg (mass of a single bristle), ωn = 1447.2 rad/s. Equation 3.9 is a Linear
Homogeneous Ordinary Differential Equation in θ , the proposed solution form is

L   7 , where “b” is an arbitrary constant. Also,LU  _  7 . Using this information in
the equation of motion, we get
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_  7  V  7  0
 7 _  V   0

(3.10)
(3.11)

Since, 7 ` 0, therefore, _  V   0 which then leads to, _  a)V . Therefore the

solution is given by,

L  %"  bcd 7  %  ecd 7

(3.12)

where C1 and C2 are arbitrary constants. Using Euler’s equation for any real number

θ, f  cos L  ) sin L, where θ = ωnt, equation simplifies to:

L  %" cos V *  ) sin V *  % cos V *  ) sin V *
L  %"  %  cos V *  %"  % ) sin V *

(3.13)
(3.14)

Expressing constants C1 and C2 in terms of new constants D1 and D2, we get%"  %  

i" /(1 %"  % )  i , the solutions becomes

L  i" cos V *  i sin V *

(3.15)

The above equation relates θ with time t. To solve for B1 and B2, two sets of
initial conditions are derived. High speed photography and measurement of dead angle

leads to θ 0  0.9032. It is also known that the initial velocity is zero, henceLk0  0.

The former condition gives D1 = 0.9032. Differentiating Equation 3.15 with respect to

time, we get Lk  i" V sin V *  i V cos V *. Use of latter condition in the previous
equation yields D2=0. Therefore, Equation 3.15 becomes L  i" cos V *, which in turn
becomes,

60
L  0.9032 cos V *

(3.16)

Therefore, angular velocity is Lk  0.9032V sin V * and the amplitude of maximum
angular velocity is given by |0.9032V |  1307.11

mn6
o

. Translational velocity of the

bristle mass center (due to accelerator bar alone) is given by,



 0Lk , where, 0  .
<H

Therefore, vb= 17.38 m/s. Translational velocity of the bristle mass center (in absence of
accelerator bar) has been calculated in the Section 2.2.2 and is given by 12.81 m/s.
Superposition principle can be used to get the absolute velocity of the bristle mass center
in the presence of accelerator bar, i.e. vcm (absolute) is the sum of vcm (due to rotation of
hub in absence of accelerator bar) and vcm (due to accelerator bar alone). Therefore,
89 /_K-'*

 12.81  17.85  30.19 /K. In the previous section, the actual

theoretical velocity of the bristle mass center was measured with the help of high speed
videos and was found to be 24.15 m/s. Thus, the theoretical bristle mass center velocity
calculated in this section is within 20% of the actual measured velocity.

Thus, calculation of theoretical bristle mass center velocity facilitates the
simplification of Equation 3.4 and helps in the computation bristle kinetic energy. This,
in turn, results in the enhanced bristle kinetic energy eb* (where * represents enhanced
bristle motion in presence of accelerator bar) as follows:
 H  q H  G H

(3.17)

where, eT ∗ is the translational kinetic energy, eR ∗ is the rotational kinetic energy, and
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(3.19)

where, K = 0.9032 ωn sin ωnt , n is the arbitrary (but constant) spindle speed, and ωnt =
π/2 (for maximum kinetic energy).

3.4 Bristle Blasting/Grit Blasting Kinetic Energy Equivalence

3.4.1 Case I: Standard Bristle Motion (without accelerator bar)

Equating the equation for bristle blasting kinetic energy without accelerator bar
(Equation 3.4) and the grit blasting kinetic energy (Equation 3.2) yields:
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(3.20)

where, n(rpm) = 30 ω/π is the spindle speed of the bristle blasting tool, and bristle length
L is assumed to be the same for both straight and forward-bent bristles. On the basis of
the previously cited bristle dimensions, the relationship between spindle speed and grit
velocity is shown in Figure 3.10 for several different steel media having the measured
mass ratios mb/mp. Thus, the use of G16 media (diameter ≈ 1mm) corresponds to the
approximate spindle speed n = 2,600 rpm with a grit velocity of 35 m/s.
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3.4.2 Case II: Enhanced Bristle Motion (with accelerator bar)

Potential benefits of the enhanced bristle kinetic energy can now be evaluated by
equating the grit kinetic energy (Equation 3.2) and enhanced bristle kinetic energy
(Equation 3.17) to obtain the following:





1

~  ~ 
Y
sin {  "

(3.21)

where, vP is the grit particle velocity, α is the angle at which
L
π L

A1 =  K + n  + rh  
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(3.22)

2

(3.23)

For comparison with the results reported in Figure 3.10, the relationship between
spindle speed and grit velocity is re-examined in Figure 3.11 for several different steel
media having the measured mass ratios mb/mp. Thus, direct comparison of G16 media
(diameter of this particular grit is approximately the same as the diameter of the wire
bristle of a bristle blasting tool) with motion enhanced bristle tools having the spindle
speed n = 2,600 rpm yields a corresponding grit velocity of 95 m/s. When compared
with the previously computed grit speed for standard bristle motion (i.e., 35 m/s), the
current equivalent grit speed is enhanced by 170%.
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Figure 3.1: Schematic representation of the bristle blasting process showing the hub,
bristles and connection point between a bristle and the belt at Bo.

Figure 3.2: Kinematic response of a bristle blasting system (in the absence and presence
of accelerating bar).
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Figure 3.3: Simplification of the kinetic energy computation based on assumed straight
length.

Figure 3.4: Pictorial representation of the experimental set-up to evaluate rotational
stiffness of the visco-elastic belt.

Figure 3.5: Pictorial representation of the experimental procedure used to evaluate
rotational stiffness of the visco-elastic belt. The electronic balance is given precise
vertical deflection which results in the bristle tip deflection. Bristle tip deflection is
converted to radial deflection and plotted as a function of torque.
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Figure 3.6: Depiction of the "dead zone" in the experimental set-up.

Figure 3.7: Transverse and horizontal components of the recorded force w.r.t. the null
position of the bristle.
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Figure 3.8 : Plot of radial deflection against the torque to calculate the rotational stiffness.
Square presents the plot of torque against radial deflection whereas straight line shown is
the best fit to represent the linear rotational stiffness.

Figure 3.9: Free body diagram of the bristle and the belt depicting all the loads assuming
a rigid connection between the bristle and visco-elastic belt at Bo.
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Figure 3.10: Relationship between spindle speed and grit velocity for several different
steel media for the case of standard bristle motion. (Note: spindle speed 2600 rpm
corresponds to grit velocity of 35 m/s for G16)

Figure 3.11: Relationship between spindle speed and grit velocity for several different
steel media for the case of enhanced bristle motion. (Note: spindle speed 2600 rpm
corresponds to grit velocity of 95 m/s for G16)
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4.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

4.1 Bristle/Tool Drive System

The equipment that is used for bristle blasting is shown in Figure 4.1, and consists
of a hand-held power tool system having a main body, control handle, protective shroud,
accelerator bar (made of tool steel), dust vacuum, and rotating spindle, which operates at
approximately 2,500 rpm. Although the pneumatic version of the bristle blasting system
is shown in Figure 4.2, an alternate version of the tool is also available that operates on a
standard electric power outlet. At the core of the system is the wire bristle blasting tool,
which is attached to the power tool spindle. As shown in Figure 4.3, the tool comprises
of steel wires whose tips are hardened (Rc ≈ 65) in order to ensure efficient corrosion
removal and longevity of service life. Table 4.1 shows the chemical composition of the
bristle wires. The bristles protrude through and are securely held by a polymeric/fiberreinforced belt that is supported by a flexible plastic ring. Together, the plastic ring and
wire-belt assembly are secured by a die-cast hub which, in turn, is fastened to the power
tool spindle.
Table 4.1: Chemical Composition of the Bristle Wires

Component
Silicon
Sulphur
Phosphorous
Manganese
Carbon
Chromium
Nickel
Molybdenum
Copper

Weight %
0.21
0.003
0.01
0.68
0.77
<.01
0.05
<.01
0.06
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4.2 Workpart Materials System

The corrosion removal performance and outcome of any surface treatment process
also depends upon initial condition of corroded surfaces and the material composition of
the parent metal that must be treated. That is, the process of corrosion removal and
micro-indentation is closely related to constituents and properties of the material itself,
such as percent carbon content, ductility, and tensile strength. In the present research, the
bristle blasting process is examined in the context of two severely corroded material
systems, namely, API 5L Grade B and low carbon alloy steel.

4.2.1 API 5L Grade B

Table 4.2 shows the chemical composition of the API 5L Grade B Steel
(heretofore referred to as, MAT1), which is commonly used for on-shore and off-shore
applications in the petroleum industry. The specimen that was used in the study is shown
in Figure 4.4, and had an internal diameter of 150 mm with corrosion uniform distributed
along the inside and outside of the diameter surface. An evaluation of the surface
corrosion (inset Figure 4.4) suggested that SSPC Condition D (100% rust with pits)
adequately characterizes the initial condition of the corroded surface.

4.2.2 Low Carbon Steel

The second material system was chosen to be a Low carbon alloy steel (MAT2)
with chemical composition shown in Table 4.2. The corroded specimens were obtained
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from a Milwaukee Scrap yard in the form of tubular components as shown in Figure 4.5,
where they underwent corrosion under natural conditions. The cross section of the
prepared specimens was 7.7 cm by 5.5 cm with thickness being 0.15 cm. Microstructural
evaluation under a microscope established that the steel was AISI 1018 (hot rolled).
Careful examination of the corroded specimen suggested that the standard grade
condition SSPC Condition D accurately assess the degree of surface corrosion.

Table 4.2: Chemical Composition of MAT 1 and MAT 2

Weight (%) MAT 1
Carbon
0.05
Manganese
1.14
Phosphorous 0.012
Sulphur
0.003
Silicon
0.201
Copper
0.11
Nickel
0.04
Chromium
0.05

MAT 2
0.14
0.68
0.012
0.013
0.01
0.02
0.04
0.02

Weight (%)
Molybdenum
Aluminum
Tin
Niobium
Vanadium
Titanium
Calcium
Boron

MAT 1
0.01
0.024
0.005
0.032
0.001
0.011
0.002
0.0001

MAT 2
0.02
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Table 4.3: Mechanical properties of MAT 1 and MAT 2

MAT 1
MAT 2

Yield Strength
(MPa)

Tensile Strength
(MPa)

Elongation (%
in)

Hardness RH
B

472
275

524
475

32.3
38

85
78
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4.3 High Speed Videography

4.3.1 Introduction

Previous studies (Wojnar, 2006) had shown that this specially designed bristle
tool has little commonality to wire brushing processes. Initial results had demonstrated
that the bristle blasting process is very closely related to the impact mechanics behavior
that is typically associated with grit blasting processes. It was decided to explore this
“novel” tool using a high speed camera to see the intricate details of the impact
mechanics that weren’t discernible to the naked eye.

4.3.2 Experimental Set-up

Photron FASTCAM – Ultima APX RS high speed digital camera (Figure 4.6) was
used to analyze the bristle blasting tool behavior. The camera offered the option to record
at 250,000 fps at the lowest resolution of 128x16 pixels. Some of the other features of the
camera included:
- FireWire, Gigabit Ethernet and Optical Interface option for fast image download
- 10bit CMOS sensor
- Interchangeable F-mount and C-mount
- Various formats to save images like JPEG, BMP, TIFF, PNG, etc
Previous studies had shown that the optimum conditions for capturing high quality digital
videos involved a frame rate of 30,000fps, resolution of 256x256 pixels and the highest
allowable shutter time of 0.033 milliseconds.
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4.3.3 Procedure

Figure 4.7 depicts the clamping set-up for bristle blasting tool. The same set-up
was used in all the experiments performed during this research. Figure 4.8 shows the setup for collecting visual data. High speed camera was focused on the impact zone. The
tool was run at different discrete penetrations and the main areas of interest, namely, the
target surface impact zone and the bristle-accelerator bar impact zone, were enlarged
using the high powered lens. 2 DP halogens were used to provide adequate lighting to
fully utilize the high speed camera.

4.4 Bristle Blast Force Measurement and Force Sensor Experimentation

4.4.1 Introduction

As the bristle blasting tool is primarily a hand-held device, it required the
conversion of depth of penetration into force exerted by the operator. The objective of
this experiment was to record the normal and in-plane shear forces at different
penetrations and compare it with manual forces. A specially designed tool fixture was
used to mount the tool above a 6-axis ATI Force transducer apparatus and the force
signature was collected for 6 different penetrations. Figure 4.9 shows force exerted by
the bristle, and corresponding torques, on the target surface. Force in horizontal direction
along the target surface is named in-plane shear force (FS). The normal force is
represented by FN. Force in the out-of-plane direction is called out-of-plane shear force
(FZ).
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4.4.2 Experimental Set-up

ATI Multi-Axis Force/Torque Sensor system measures all six components of
force and torque (Figure 4.10), namely, Fx, Fy, Fz, Mx, My, and Mz. For this
experiment, Fx and Fy are referred to as FS and FN respectively. To study the force
signature of bristle blasting tool, it was decided to use the previously acquired ATI Force
Transducers (Model: Delta). This transducer is machined from high-strength stainless
steel and consists of silicon strain gauges to provide high noise immunity and allow high
overload protection, resulting in near-zero noise distortion. High-flex life transducer
cable is electrically shielded to maintain signal integrity between transducer and the F/T
Controller.

Figure 4.11 shows a picture of the ATI Force Transducer alongside the controller. The
controller system connects to systems via RS-232, analog outputs and/or discrete I/O
connections. F/T Controller digitizes the transducer's six strain gage outputs and performs
calibration matrix calculations to convert strain gage voltages into forces and torques. For
simplification of the experiments, it was decided to use RS – 232 C interfaces. For
maximum utilization of the RS-232 port, it was decided to push the baud rate to the
maximum available value using the hyper terminal. It was decided to disable the 3 axis
required to capture the torque i.e. Tx, Ty and Tz, which effectively doubled the sampling
rate for the rest 3 axis capturing force i.e. FS, FN and FZ. To further increase the speed of
communication, data was read in binary mode (as opposed to ASCII mode). The
calibration file for the transducer was loaded in 16 bit (as opposed to 12 bit) to make it
more sensitive. By careful experimentation, a sampling rate of 850Hz was found to be

74
optimum and thus was used for the rest of the experiment. In summary, a baud rate of
115200 was used to communicate with the Force Transducer, collecting 3 axis binary
data at a sampling rate of 850 Hz.

4.4.3 Procedure

To verify the accuracy of the force sensor it was important to calibrate against
known weights. Calibration curve was plotted as shown in Figure 4.12. The set-up of the
experiment is shown in Figure 4.13. Flat ground specimens were bristle blasted using the
platform of the three axis milling machine. The loads applied via the milling machine are
heretofore referred to as “CNC applied loads”. To include the human factor in the
experiment, loads were also applied manually using the bristle blasting tool as a hand
held device (heretofore referred to as “user applied loads”). Universal base plate was
mounted on top of the sensor using the screw holes provided. To reduce the variation in
readings because of material removal it was decided to use hardened steel parallels that
would cover the entire span of the tool. The parallels were mounted using small C-clamps
as shown in the Figure 4.14. Tool was clamped as shown in the Figure 4.7. As the tool
was clamped near the motor it was decided to not run the tool more than 10 seconds to
prevent damage due to instances of slip.

For CNC applied loads, penetrations were chosen in steps of 1.25 mm (0.05”) as
one complete revolution of the milling table was 1.25 mm (0.05”). “Zero” or “virtual
contact” was the most important aspect of the experiment. It was already known that due
to inertia, “static zero” and “dynamic zero” were not the same. To detect the dynamic
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zero, tool was run well above the target surface and a steel shim of thickness 0.127mm
(0.005”) was put in between the specimen and the tool. With the tool still rotating, the
specimen (and hence the shim) was brought in contact with the tool by moving the
milling table up towards the tool. As soon as bristle marks appeared on steel shim, the
penetration was recorded and termed as reference (“virtual zero”). This virtual zero
became the baseline for further penetrations in the experiment.

To detect the noise in the signal, readings were taken with and without tool
motion (and no contact). It was found that vibrations of the whole system contribute a
maximum variation in the force of the order of +/- 0.2 N. Starting from “virtual zero”,
readings were taken at 1.25 mm (0.05”), 2.5 mm (0.1”), 3.75mm (0.15”), 5 mm (0.20”),
6.25 mm (0.25”) and 9 mm (0.35”). Figure 4.9 shows an enlarged view of the target
surface and the tool feed direction. The following steps were used to collect the data for
CNC applied loads:
1. Sensor set-up – The force transducer was set-up with the controller via RS 232 C
to start collecting data.
2. Clamp the specimen – The specimen was fixed using proper fixtures on the
horizontal milling table as shown in Figure 4.14.
3. Set-up the tool – The bristle blasting tool was held in place by proper clamping.
4. Penetrate – The tool was started and penetrated into the specimen.
5. Let it stabilize – The tool was allowed to stabilize for 5 seconds.
6. Check RPM – The RPM was recorded to check if the tool had stabilized.
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7. Record the signal – Once the tool had stabilized; the force sensor went online to
record the signal.
8. Back down – After collecting sufficient data, the tool was backed up from the
specimen.
9. Penetrate the next step – Above procedure was employed to collect data for next
penetration.
Same set-up was used for recording the user applied loads. The tool was used as a
handheld device (manual loads) and data was collected in a similar manner as discussed
above.

4.5 Terminology, Equipment and Procedure for Surface Profile Experiment

4.5.1 Introduction

Surface profile is an important parameter that defines the finish of the cleaned
specimen. In most cases, the cleaned surfaces are coated with an appropriate coating to
protect the fresh surface from environment effects. The surface profile plays an important
role in the determining the strength with which the fresh coat of paint adheres to the
newly prepared surface. The objective of this experiment was to establish the relationship
between surface profile and penetration of the tool.
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Terminology:

Waviness and Roughness are the two main constituents of surface texture (Refer
Figure 4.15). Figure depicts important differences between the two. Most of the times
waviness is periodic and arises due to an error in path of the surface generator
(Whitehouse, 2002). Figure 4.17 shows typical breakdown of a surface depicting
components like Roughness, Waviness and Form.

Figure 4.16 shows various profile filters. λs profile filter defines the intersection
between roughness and even shorter wavelength components like micro fracture marks.
Cutoff length (λc) of a filter determines which wavelengths belong to roughness and
which ones to waviness. λf profile filter defines the intersection between the waviness and
even longer wavelength such as form (Refer Figure 4.17). A profile obtained by
intersecting a surface with a plane normal to the nominal surface is called Primary
Profile (Refer Figure 4.18). This profile forms the basis for evaluation of primary profile
parameters and is the profile without filters. Roughness Profile (R) is obtained by filtering
the primary profile with a long wavelength cutoff filter (λc) to remove any waviness
components (long wavelength components). Waviness profile is obtained from the
primary profile by removing longer wavelengths (waviness) by λf and shorter
wavelengths by λc. Traversing length is the length over which stylus traverses across the
surface. Surface data is not usually taken all over this length. Evaluation
length/Assessment Length is the part of the traversing length from where the surface
parameters are determined. Sometimes, it is necessary for the stylus mechanism to reach
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a constant speed before data acquisition can be started. A traversing length is defined as
being the evaluation length plus the approach travel length, pre-travel length, and post
travel length. Sampling length is the fundamental distance over which the surface
parameters are assessed. Figure 4.19 depicts a typical evaluation and sampling length. It
has to be long enough to include enough surface which will ensure a reliable value of the
surface parameter being calculated and also preclude the longer wavelength component
of the profile (generally due to machine tool problems) and just measure the marks
produced by the machining process (or surface treatment process).

Note: Terminology in this section (including figures) is referenced from Operator’s
Manual of the Mitutoyo SurfTest SJ-301. Each parameter explained below is defined as
calculated within a sampling length for a Roughness Profile (R). Specific parameters to
be obtained over the evaluation length will be noted as required.

Arithmetic mean deviation of the profile (Ra) is the arithmetic mean of the

absolute value of the profile deviations (Yi) from the mean line i.e. n   ∑
"|3 |
"

.Figure 4.20 shows a pictorial representation of the vertical measurement of a profile.
Root-mean-square deviation of the profile (Rq) is the square root of the arithmetic mean

of the squares of the profile deviations (Yi) from the mean line. Therefore,  

: ∑
" 3 =. A portion that projects upwards (convex) from the mean line of the profile
"



is called the “profile peak”, and that which projects downward (concave) is called the
“profile valley”. Maximum height of the profile (Ry), refer Figure 4.21 , is the sum of
height Yp of the highest peak from the mean and depth Yv of the deepest valley from the
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mean line i.e. Ry = Yp + Yv. The distance between the mean line and the highest point of
the profile peak is the “profile peak height”. The distance between the mean line and the
lowest point of the profile valley is the “profile valley depth”. As shown in Figure 4.22, if
the distance between the mean line and the highest point of the profile peak or lowest
point of the profile valley is less than 10% of the Ry value, it is not regarded as the profile
peak height or profile valley depth respectively. Maximum height of the profile (Rz) the
most important parameter measured in current experiment. As Figure 4.23 shows, it is
defined as the sum Zi of profile peak height Pi and profile valley depth Vi for each

sampling length i.e.  

 b Wb ^ b  b 



(where, the number of sampling lengths is 5).

The maximum value of all Zi’s over the evaluation length is defined as Ry. In the Figure
4.23, Zn corresponds to Ry. Maximum profile height (Rp) is the average of profile peak
height Rpi (for each sampling length) obtained over the evaluation length. Therefore,

w 

G bGW bG^ bG bG


(where, the number of sampling lengths is 5). Maximum

profile valley depth (RY) is the average of profile valley depth Rvi (for each sampling
length) obtained over evaluation length i.e.  

G bGW bG^ bG bG


(where, the number

of sampling lengths is 5). Total height of the profile (Rt) is the sum of the maximum
profile peak height and the maximum valley depth over the evaluation length. A portion
projecting upward over the given upper count level is a profile peak, and a portion
projecting downward below the given lower count level is called a profile valley. The
width of the profile element is the length of the x-segment intersecting with profile peak
and the adjacent profile valley. Figure 4.24 depicts the Mean width of the profile elements
(Sm) which is the mean of the profile element widths within a sampling length 9 
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V

∑V"  . Peak Count (Pc) is the reciprocal of the mean width of the profile elements

i.e. 4 

V7 <V7;
9

.

4.5.2 Experimental Set-up

Surftest SJ301 is a stylus type surface roughness measuring instrument developed
for shop floor use. The SJ-01 is capable of evaluating surface textures with a variety of
parameters according to various national and international standards. Measurements are
displayed digitally/graphically on the touch panel, and output to the built-in printer.
Stylus of the SJ-301 detector unit traces the minute irregularities of the workpiece
surface. Surface roughness is determined from the vertical stylus displacement produced
during the detector traversing over the surface irregularities. The detector is connected
with the drive unit, which in turn links to the display unit through the connecting cables.
Measurement results are displayed digitally/graphically on the touch panel. Figure 4.25
shows the Surface Tester:

Table 4.4: Specifications of Surface Tester SJ-301.

Detection Method
Measuring Range
Stylus Material
Tip Radius
Measuring Force
Detector Drive Range
Traversing Speed
Detector retraction function
Bottom configuration

Differential Inductance Method
350µm (-200µm to +150µm), 14000µin (-8000 to +
6000µin)
Diamond
5µm
4 mN
21mm
Measurement: 0.25mm/s, 0.5mm/s Return: 1mm/s
Stylus UP
V-way
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4.5.3 Procedure

Calibration is the process of establishing the relationship between a measuring
device and the units of measurement. Calibration of a surface measuring instrument is
performed by measuring a reference workpiece (precision roughness specimen) and
adjusting the difference, if any, between the measured value and reference value. SJ-301
has a separate option for calibration with the reference specimen. Calibration was done at
the start of the experiment and periodically during the experiment.

API 5L (Grade B) pipe-section was used for preparing the specimens. As shown
in Figure 4.26, the pipe section was cut into 4 sections and flat specimens were ground in
the machine lab. Figure 4.27 shows one of the prepared specimens. It was decided to
grind the surface and use pristine surface so that the effect of bristle blasting tool on
metal surface can be studied without any interference from the corrosion removal
performance of tool. This also facilitated in studying the new surface generated by bristle
blasting process. Flat surface ensured that deviations in the performance of the tool due to
surface irregularities would be minimized. Six different depth of penetration were used
for this study, 0 mm, 1.25 mm (0.05”), 2.5 mm (0.1”), 3.75mm (0.15”), 5 mm (0.20”),
6.25 mm (0.25”) and 9 mm (0.35”). A specially designed fixture was used to mount the
tool onto a horizontal milling table to measure the exact depth of penetration. Figure 4.7
shows the set-up of the bristle blasting tool on a horizontal milling table for this particular
experiment. Figure 4.28 shows the clamped specimen as used in the experiment. A
suitable feed rate of 0.5 cm/sec was used to cover one pass on the flat surface. The “zero”
of the depth was set-up in the same way as for the force sensor experiment. This “zero”
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was kept constant and same throughout the experiment. Figure 4.29 enlarged view of the
experimental set-up.

After the specimens were prepared at different depths of penetrations, another setup was created to measure the surface profile generated at each penetration as shown in
Figure 4.30. The specimen was clamped in a vice that allowed accurate movements in
direction perpendicular to that of the stylus tip. Figure 4.31 shows an enlarged view of
the profiled specimen and the method used to obtain surface roughness, RZ. Starting from
the trailing edge, roughness readings were taken at every 1.25 mm (0.05”) or 2.5 mm
(0.1”) (depending on the change in the readings). Surface profilometer was used to map
the profile of the primary zone at each depth of penetration. Parameters used for the study
included Standard ISO 1997, 5 sampling lengths and λC = 2.5 mm.

4.5.4 Texture Performance

As the tool ages, the brand new tool’s sharp bristle tips change configuration and
hence the anchor profile generated is inevitably going to change. An experiment was
designed to study the effect of “age” of tool on the anchor profile generating capability.
The corroded API 5L section was used in this particular study. It was decided to
gradually wear out the tool on a standard corroded surface and keep log of the number of
hours acquired by the tool. A brand new tool was used to clean a small corroded area of
the pipe section and a standard press-film replica tape (shown in Figure 4.32) was used to
get the RZ reading. This instrument is calibrated to give the RZ reading in µm. The tool
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was then used on the standard corroded surface for 5 minutes, following which, corroded
API 5L pipe section was cleaned. RZ value was again recorded as described above.
Similarly, the tool was used on the standard corroded surface for 70 minutes and after
each 5 minutes interval API 5L pipe section was cleaned and RZ subsequently recorded.

4.6 Coating Adhesion Strength Experiment

4.6.1 Introduction

Coating applications range from consumer products to large scale construction
projects. Adhesion strength is the single most important property of a coating system.
Surface preparation is a critical factor in obtaining a good adhesion with the coating. Dirt,
debris, salt, and oil-like contamination should be removed from the surface before
application of the paints. Different methods are specified by Society of Protective
Coatings (SSPC – Painting Manual – Volume 2) for efficiently cleaning and conditioning
metallic surfaces, such as, grit blasting, needle guns and a variety of non-woven and
coated abrasive tools. The method used for surface preparation depends on the
application and the coating system to be used. Coatings are known to adhere strongly to
surfaces that have a high surface roughness (typically above 50 µm). For structures that
are already in service, the most important aspect is removal of the defunct coating and
corrosion and re-application of the coating after proper surface preparation. It is very rare
for a structure or component to corrode uniformly over an entire region. Usually,
corrosion occurs at places where the conditions are ideal for an electrochemical cell to be
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set-up. This can lead to localized corrosion and hence the corroded area needs more
frequent maintenance than the rest of the structure. This process of maintaining a small
area is quite widespread in industry and is known as spot-maintenance. The following
sets of experiments were conducted to determine the adhesion strength of a coating
system to a bristle blasted surface. Another aspect that was studied was the comparison of
a bristle blasted surface with an abrasive blasted surface in terms of coating adhesion
strength.

A number of factors could lead to failure of the coating system namely, wrong
application of the coating, wrong choice of the coating, defective coating, improper
surface preparation. Stress (mechanical stress, internal stress, weathering stress and
chemical attack) plays a vital role in failure of a coating system. Stress is transferred
through a multi-coat coating system, and subsequently it reaches the primer-substrate
interface. If the coatings are strong cohesively and the adhesion at each interface is
adequate, the coating will not fail. Stress induced failure will occur at the weakest link
(cohesive or adhesive).

Despite the importance of adhesion (Weldon, 2001) there are no really good,
standardized tests for measuring the coating adhesion strength. The most common
procedure is ASTM D3359 (Test method for measuring adhesion by tape test). Two
variants of this test are namely, X-Cut Tape Test and Cross Hatch Tape Test. The former,
used mostly at job sites, uses a sharp razor blade or knife to make two cuts into the
coating with a 30-45 degree angle between legs and down to the substrate which
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intersects to form an “X”. A tape is placed onto the intersection of the cuts and then
removed rapidly. Amount of coating that detaches is rated according to either
descriptions or illustrations. In a Cross Hatch Tape Test, same procedure is followed to
cut a cross hatch pattern in place of the “X”.

The above tests suffer from a number of shortcomings. For thin coatings, the
razor cut easily goes down to the substrate but for thick and tough coatings
(approximately 250µm thick) it’s not easy to have the knife cut down to the substrate.
Another problem regularly encountered is that the tape has different adherence to
different coatings i.e. tape may adhere better to one type of coating compared to another,
which in turn means that the force transmitted to the coating/substrate can vary too. But
the biggest shortcoming of these tests is the subjective nature of the whole process. The
results are useful only when interpreted by an experienced inspector and even then it is
really difficult to compare different systems on a common platform.

A more quantitative test for adhesion is by tensile testing in accordance with
ASTM D4541 (Test Method for Pull-off Strength of Coatings Using Portable Adhesion
Testers). This test measures the resistance of a coating to separate from a substrate under
the influence of an applied perpendicular tensile force. As shown in Figure 4.33, a
loading fixture, commonly called a dolly or a stub, is glued by an adhesive to the coating.
By use of a portable pull-off adhesion tester (hydraulic actuator), a load is increasingly
applied to the surface until the dolly is pulled off. The force required to pull the dolly off,
same as the force withstood by the dolly, yields the tensile strength in pounds per square
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inch (psi) or Mega Pascal (MPa). Failure occurs along the weakest plane within the
system comprised of the dolly, adhesive, coating system, and substrate, and will be
exposed by the fractured surface. There are no pass-fail criteria in this test but instead it
gives a numerical value of adhesion strength for a particular substrate-coating system
which can be compared for different sets of substrates and coating systems.

This test method maximizes tensile stress as compared to the shear stress applied
by other methods, such as tape test, and hence results may not be comparable. Further,
pull-off tests depends on the instruments used in the test. Results obtained using different
devices or results for the same coatings on substrate having different stiffness may be not
comparable. Large variations have been noted between various equipments and
manufacturers, for same set of substrate and coating system. To minimize these undesired
variations, it is critical to use an adhesion tester that minimizes shear forces (forces acting
parallel as opposed to perpendicular to the coating). Also, this test is not suited for curved
surfaces as the test area must be flat to know the exact area over which the tensile force
was applied.

4.6.2 Experimental Set-up for Coating Strength Study

PosiTest Pull-off adhesion tester from Deflesko (Figure 4.33) was used to
measure the coating adhesion strength. It possesses a self-aligning feature that utilizes a
spherical articulating dolly head so that it is always pulled vertically by a ring of small
bearings in the actuator.
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The instrument when used with a 20mm dolly had a resolution of 0.01 MPa (0.1 psi),
accuracy of ±1% Full Scale and 0-20MPa (0 – 3000 psi) measurement range. Prior to the
coating application, specimens were prepared in the laboratory using the bristle blasting
tool. Another set of specimens was prepared at SYMET, Inc. (Milwaukee, WI) by a
professional worker. Steel Grit G16 was shot through a nozzle (diameter 1.3 cm) at a
standoff distance of 45 cm (resulting in pre-impact grit velocity of 180 m/s).
Approximate angle of the nozzle was 70 degrees i.e. α = 700. For better comparison it
was decided to use Steel Grit G16 for grit blasting, as the diameter of grit was same as
diameter of the bristle.

Pratt and Lambert SteelTech Two Part Epoxy Primer was used in the present
study. Steeltech Epoxy Primer is a rust inhibitive, high build, two-component, polyamide
epoxy primer designed for heavy duty industrial maintenance painting. Table 4.4 shows
the chemical composition of Part A – S3344 Red Oxide and Part-B S3393 Activator.
Pratt and Lambert Palgard Two Part Epoxy. Palgard Epoxy is a two component,
polyamide cured, epoxy enamel coating for industrial maintenance use. Table 4.5 shows
the chemical composition of Part 1- S3400 White/Tint Base and Part-2 S3498 Gloss
Activator. Defelsko PosiTector 6000 FN3 thickness tester (Figure 4.34) was used to
measure the thickness of the coating applied. The gauge has a range of 0 – 60 mils (0 to
1500µm) and accuracy of + (0.05 mils + 1%) 0 - 2 mils (+ (1 um + 1%) 0 - 50 um) ,
+ (0.1 mils + 1%) > 2 mils (+ (2 um + 1%) > 50 um). It uses magnetic and eddy
current principles to measure the coating thickness on both ferrous and non-ferrous
metals. Environmental conditions play an important role in the cure time of the coating,
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for example, it is commonly known that most coatings will not dry properly at low
temperatures and high relative humidity, Defelsko Dew Point Meter (DPM) was used to
measure the relative humidity, air temperature and dew point temperature of the working
environment. Using the DPM, Air temperature and Dew point temperature was measured
as 20.5 and 4.2 degree Celsius respectively. The relative humidity was recorded as 35 %.
Table 4.5: Chemical Composition of two-part primer.

S3344

Ingredient
Ethylbenzene
Xylene
Methyl n-Amyl Ketone
Tri(dimethylaminomethyl)phenol
Polyamide
Quartz
Zinc Oxide

% by Weight
2
14
3
1
8
53
2

S3393

Ingredient
Ethylbenzene
Xylene
Methyl n-Amyl Ketone
Epoxy Polymer
Quartz

% by Weight
2
9
7
17
53

Table 4.6: Chemical Composition of two-part epoxy.

S3400

Ingredient
Mineral Spirits
Ethylbenzene
Xylene
2-Butoxyethanol
Polyamide
Quartz
Talc
Calcium Carbonate
Titanium Dioxide

% by Weight
7
2
9
11
22
0.1
5
17
25
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S3498

Ingredient
2-Butoxyethanol
Methyl Isobutyle Ketone
Epoxy Polymer

% by Weight
27
11
62

4.6.3 Procedure

1. Preparing the specimens: MAT2 specimens were prepared in the laboratory
using a new bristle blasting tool. The tool was used manually at a force which was
quantified as 20 N. Another set of specimens were cleaned using grit blasting
system. A professional worker from SYMET, Inc. shop prepared the specimens
using an industry standard abrasive blasting system.
2. Application of Coating System: The prepared specimens were stored in a special
chamber with Calcium Sulphate desiccant to preserve the surfaces. Primer and
epoxy were applied on to the substrate using a short nylon brush. Figure 4.35
shows the specimens after application of primer. First coat of primer was
followed by a time gap of approximately 150 minutes, after which another coat of
primer was applied to make sure the primer was well above the profile generated
by either of the methods. Primer was cured in ambient conditions (see section
4.6.2) as per the manufacturer’s specifications for about 8 hours. To promote
better adhesion between the primer and subsequent epoxy coat, the primer surface
was lightly abraded using a nylon abrasive pad from 3M. Now, with primer as the
substrate, epoxy coating was applied. The epoxy coat was cured in the same
ambient conditions as discussed above.
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3. Application of dolly: After the epoxy had cured, coating thickness measurements
readings were taken to make sure that the coating was applied evenly. To promote
better adhesion between dolly and epoxy, epoxy coat was lightly abraded (with a
non woven abrasive pad from 3M) and the debris was washed off with
compressed air. The surface was then flushed with rubbing alcohol (70%
isopropyl alcohol) to wash off any minute contaminants. Dollies were applied
onto the substrate using a two part adhesive glue system. The bottom of dollies
was also abraded using the same abrasive pad to remove any contaminants. A
uniform layer of adhesive was applied on the dollies and a slight pressure was
applied to make sure the dollies adhere to the surface. The dollies and adhesive
were left to cure for about 12 hours as per the manufacturer’s specification.
4. Removing the dolly: Posi-Test Pull-Off Adhesion tester was used to pull the
dollies off the epoxy surface. Self aligning 20 mm surface diameter dollies made
from aluminum were used to ensure even and consistent pull offs. The self
aligning dollies allow uniform distribution of the pulling force over the surface
and thus prevent a one sided pull off. Figure 4.36 shows the set-up for removing
dollies. A cutting tool (Refer to Figure 4.33) was used to isolate the test area and
reduce the variations due to edge effects. A self aligning, quick coupling (as
discussed before) was used to secure the dollies to the actuator. The hydraulic
actuator applied smooth and continuous pressure until the dolly was pulled off.
The display screen recorded the corresponding pressure withstood by the dolly.
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4.7 Base (Parent) Material Removal Rate Study

4.7.1 Introduction

The removal of corrosion and generation of anchor profile is always accompanied
by the removal of base/substrate material as well. However, substrate material is an
integral part of engineered components that enables structure to bear load and resist
failure. Consequently, removal of parent metal from corroded surfaces needs to be
carefully understood and controlled, as it may create dimensional changes in sensitive
regions of structural components and compromise the integrity of the structure. Specific
cases where such a concern may be warranted may include, for example, the web and/or
flange of I-beams, and similar load bearing components that have thin cross-sectional
dimensions. As one may expect, the configuration/sharpness of bristle tips plays an
important role in forming the crater/micro-indentation that appears in Figure 2.2. Thus,
the initial chisel-shape of bristle tips appearing in Figure 1.28 is subject to eventual wear
during the corrosion removal process which, in turn, reduces the capacity of the bristle tip
to penetrate the surface. In this section, experiments were conducted to study the material
removal performance of a bristle blasting tool of different “ages” i.e. in-service use. Age
of the tool is defined as the time for which the tool was in operation/in-service prior to
the experimental run/application. With the current set-up it was also possible to study the
performance of tool operating under different discrete depths of penetration.
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4.7.2 Experimental Set-up

Specimens were prepared using the API 5L pipe section. Pipe section was cut into 4

sections and flat specimens were ground in the machine lab. Figure 4.27 shows one of the
prepared specimens. It was decided to grind the surface so that the effect of corrosion
removal performance of the tool does not interfere with base material removal
performance. Figure 4.37 shows the experimental set-up for this study. A specially
designed fixture was used to mount the tool on the horizontal milling table. Clamps were
used to hold the specimen on the milling table. A high-resolution electronic balance
(Scientech, SP 2050D) was used to measure the differential material removed. Figure
4.38 shows the electronic balance used. This particular model had a capacity of 0-2000g,
readability of 0.001g, accuracy of +/- 0.005g, stabilization time of 3 sec and update
interval of 200 ms.

4.7.3 Procedure

For this particular study 3 different ages were used. Age “0 min” refers to a brand
new tool which was never used. Age “24 minutes” refers to a tool that was in-service for
24 minutes. Age “72 min” refers to the tool that had acquired72 minutes of service-time.
It was decided to operate each tool at three different penetrations namely, 1.5 mm
(0.06”), 4 mm (0.16”) and 7.5 mm (0.30”). The material removal process was carried out
by inserting/penetrating the rotating tool into the specimen, and allowing the tool to
extract parent material from the specimen for 3 seconds without interruption. At the
conclusion of each interval, the specimen was weighed using the electronic balance, and
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the differential material removed was recorded. Following that, the specimen was placed
back in the same position and further experimentation carried out in a similar manner.

4.8 Metallographic Study

4.8.1 Introduction

To study the microstructure of the heat treated tips, metallographic study was
conducted. Before putting the bristles under the microscope it was necessary to remove
dirt, etc from the bristle and properly clean it so that there are no surface imperfections
present that can hinder the microstructure study. Small specimens are difficult to hold
safely during polishing and grinding operations. Therefore, there was a need to mount the
wire bristle (from bristle blasting tool) inside a polymer block. Compared to hot
mounting (requires a mounting press to heat and simultaneously compress the sample and
mounting compound) cold mounting (room temperature curing) is relatively easy and
simple. The bristle specimens were placed in the polymer block and a two part epoxy
system (Leco Epoxy Resin and Hardener) was poured in and allowed to set (cure) for 8
hours. Figure 4.39 shows the bristle specimens after removing the polymer block. As the
bristle tips are heat treated, it was necessary to get a measure of the hardness of the bristle
tips. Microhardness study was conducted to get the Vickers Hardness number for the heat
treated region of the bristle tip and rest of the main body. Vickers Hardness number was
converted to Rockwell Scale in accordance with ASTM E140 (Standard Hardness
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Conversion Tables for Metals Relationship Among Brinell Hardness, Vickers Hardness,
Rockwell Hardness, Superficial Hardness, Knoop Hardness, and Scleroscope Hardness).

4.8.2 Experimental Set-up/ Equipment

4.8.2.1

Scanning Electron Microscope

JEOL JSM 35 Scanning Electron Microscope operated at 25 KV in secondary electron
imaging mode.

4.8.2.2

Optical Microscope

Olympus PME 3 Metallograph with bright field illumination.

4.8.2.3

Microhardness Tester

Figure 4.40 shows the principal components of a microhardness tester (Buehler’s
Micromet 5101 Microindentation Hardness Tester). The tester had a load range of 25 to
1000g. With the built-in automatic test cycle, the load is applied at a constant rate,
maintained for 10 s, and removed smoothly. Proper illumination and lens is required to
measure the indentation. The tester has two lenses, namely, low magnification lens
(10X), used to locate the target region and the high magnification lens (50X), used to
measure the indentation. The equipment features a manual analog filar eyepiece with 0.5
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µm resolution readout. The measured area is converted to hardness number using
appropriate conversion tables in accordance with ASTM E384 (Standard Test Method for
Microindentation Hardness of Materials). Universal clamp and leveling vise was used to
hold the mounted bristle.

4.8.3 Procedure

For metallographic examination, it was important to make sure that the sample
surface becomes highly reflective and free of scratches. Grinding and polishing, when
performed in conjunction, help to bring out the true structure of the specimen. Although
there is no sharp line between grinding and polishing, working with fixed particles is
considered grinding, and working with loose particles is termed as polishing (Petzow,
1999). During mechanical grinding and polishing, abrasive removes the surface in the
form of shavings/chips. Hence, grinding is always accompanied by scratches and
deformation. The abrasive particle size decreases from one step to the next during
grinding process. The purpose of grinding and polishing is to produce a sample that is
suitable for optical evaluation by step-by-step removal of deformed material, until the
deformation previously introduced becomes negligible.

Since polymer mounts have burred edges it was decided to grind the mount flat on
a silicon carbide belt grinder with 120 belts. This helped to flatten the mount and remove
marks on the bristle during its service life. Further grinding (and removal of marks from
120 grinding belt) was done using rotating discs covered with silicon carbide paper (with
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running water). Water acts as a coolant and also helps to remove the debris/shavings.
Different grades of paper used were, 240, 320, 400 and 600. As 240 was the coarsest
available paper, it was used to start the grinding operation. Figure 4.41 shows a picture of
the surface finishing/ polishing grinders used. Light pressure was applied at the centre of
the sample and grinding was continued until all the blemishes were removed and the
scratches were in single orientation. The specimen was then washed in water and put on
the next grade disc. For an improved removal rate, and to control the grinding grooves,
the specimen was rotated 90o after each grinding step. After the last grinding operation on
the 600 grade paper the specimens were washed before the polishing operation. The
polisher consisted of rotating disc covered with soft cloth impregnated with diamond
particles (1 micron size). Aluminum oxide was used in a slurry form for polishing.
During final polishing step, the specimen was rotated against the direction of wheel.
After polishing, it was important to etch the specimens. The purpose of etching is to
chemically remove the highly deformed thin layer formed during grinding and polishing
operations. Also, the etchant allows different crystal orientations, grain boundaries,
precipitates, phases and defects to be distinguished in reflected light microscopy. 3%
Nital (mixture of methanol and 3% nitric acid) was used as etchant in the study. After the
polishing operation, the specimens were etched in the 3% Nital for 5 seconds. Further
polishing and etching, if required, was done after carefully observing the specimen under
an optical microscope. Figure 4.39 shows specimens prepared for the metallographic
study. The prepared specimens were viewed under a special optical microscope for
microstructural evaluation.
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Summary of specimen preparation:
•

Specimen (Bristle) is mounted using a two part epoxy system and cured for 8
hours.

•

The mount is grinded on the silicon carbide belt grinder with grade 120 grit to
obtain a flat surface.

•

Rotating disc grinders of grades 240, 320, 400 and 600 are used in succession
until the deformation previously introduced becomes negligible.

•

The specimens are then polished with aluminum oxide powder and etched in 3%
Nital.

Micro-hardness Study

Hardness of a material is the resistance to permanent deformation. In general, an
indenter is pressed into the surface of the metal to be tested under a specific load for a
definite interval of time, and a measurement of hardness is made on the basis of the size
or depth of the indentation. In indentation testing, hardness is evaluated by the amount of
permanent deformation (or plastic flow) of the material. Measurement of depth or area of
the indentation indicates the hardness of the material. As the hardness number increases,
the depth of penetration and the projected area decreases. There are two basic categories
of hardness testing: Macro hardness and Micro hardness. Macro hardness refers to testing
with applied loads on the indenter of more than 1kg and covers, for example, testing of
tools, dies, etc. Microhardness (heretofore referred to as Vickers Microhardness) is
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evaluated by measuring the area of the indentation with a microscope, rather than the
depth. Applied loads are 1kg and below, and material being tested is usually very thin
(down to 0.0125mm). The indenter is made of diamond and is in the form of a square
based pyramid with an angle of 136 degrees between the faces. Depth of the indenter is
approximately 1/7 of the diagonal. The Vickers hardness number is the ratio of the load
applied to the indenter to the surface area of the indentation given by (Chandler, H.,
1999):
E  

2sinL/2 1.8544

i
i

(3.24)

where, P is the applied load in kg, D is the mean diagonal of the indentation in mm, and θ
is the angle between the opposite faces of the indenter (1360). The Vickers Microhardness
number is converted to Rockwell C Hardness using appropriate conversion tables in
accordance with ASTM E140.

Summary of Microhardness Study:
1. Polished and mounted bristle was put in the universal clamp and leveling vise.
Proper care was given so that the test surface remains perpendicular to the
indenter.
2. Low magnification lens was used to locate the target region where the indenter
was chosen to strike and the micrometer screws were used to position the
mounted bristle.
3. The equipment was set to apply a load of 500 gms for 10 sec using automatic
cycle.
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4. The indenter retracted after making the indentation, and the high magnification
lens was used to locate and focus on the diamond shaped indentation.
5. Filar units of the lens were used to measure the horizontal and vertical diagonals
of the indentation. Both the diagonals were measured and average value was used
for calculating the hardness number.
6. Using the supplied conversion tables, the average diagonal length was converted
directly into the Vickers hardness Number.
7. For better comprehension, proper conversion charts were used to get a range of
the Rockwell Hardness number corresponding to the Vickers hardness number
calculated.
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Figure 4.1: Pneumatic version of the bristle blasting system.

Figure 4.2: Bristle blasting system. System shown here is ready to be used.

Figure 4.3: Steel wires of the bristle blasting tool.
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Figure 4.4: Section of 150 mm diameter API 5L (MAT1) piping used for evaluating
performance of bristle blasting tool.

Figure 4.5: Section of the medium carbon steel (MAT2) used to evaluate the performance
of bristle blasting system. (a) Pipe section as obtained from the scrap yard, (b) close-up of
the corroded surface, (c) a section of the specimen cut to perform testing.

Figure 4.6: Photron FASTCAM - Ultima APX RS high speed digital camera. (Picture
taken from Photron website)
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Figure 4.7: Set-up for bristle blasting tool.

Figure 4.8: (Left) Experimental set-up for the high speed video camera, (Right) Front
view of the camera focus zone.
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Figure 4.9: Components of force exerted by the bristle blasting tool.

Figure 4.10: Components of force and torques measured by the force transducer.
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Figure 4.11: ATI Force Measurement system featuring the 6 axes force transducer and
controller unit.

Figure 4.12: Calibration curve for the ATI Force Transducer.

Figure 4.13: Experimental set-up for the force sensor experiment showing the mounting
plate, base plate and the force sensor.
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Figure 4.14: Picture showing the bristle blasting tool clamped for the force sensor
experiment. The above set-up shows the force sensor, base plate, mounting plate,
hardened parallels and C-clamps.

Figure 4.15: Roughness and Waviness, the constituents of surface texture. (Whitehouse,
D. (2002). Surfaces and their measurement, 10)
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Figure 4.16: Various profile filters used by Mitutoyo Surface Profilometer. (Whitehouse,
D. (2002). Surfaces and their measurement, 18)

Figure 4.17: Typical breakdown of a surface. (Whitehouse, D. (2002). Surfaces and their
measurement, 11)

Figure 4.18: Profile reference plane normal to the surface. (Whitehouse, D. (2002).
Surfaces and their measurement, 17)
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Figure 4.19: Pictorial representation of sampling and evaluation length. (Surface tester
user’s manual, 14-18)

Figure 4.20: Pictorial representation of the vertical measurement of a profile. (Surface
tester user’s manual, 14-18)

Figure 4.21: Pictorial representation of maximum height of the profile, Ry. (Surface
tester user’s manual, 14-19)
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Figure 4.22: Pictorial representation of “profile valley peak” and “profile valley depth”.
(Surface tester user’s manual, 14-20)

Figure 4.23: Pictorial representation of maximum height of the profile, Rz. (Surface tester
user’s manual, 14-21)

Figure 4.24: Pictorial representation of mean width of profile elements, Sm. (Surface
tester user’s manual, 14-24)
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Figure 4.25: Mitutoyo Surface Profilometer featuring the detector and drive unit. The setup also shows the display unit, printer and touch panel.

Figure 4.26: (Left) API 5L pipe section was cut along the "dashed lines" and the surfaces
were machined to produce the specimens shown (right).
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Figure 4.27: Flat and ground API 5L specimen prepared for surface roughness and
material removal testing.

Figure 4.28: Clamped API 5L specimen for producing a surface profile using the bristle
blasting tool. Set-up also shows the clamping fixtures used to mount the specimen.
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Figure 4.29: (left) enlarged view of the surface profile experiment set-up showing the
direction of tool rotation and feed, (right) bristle motion and feed direction on one of the
specimen.

Figure 4.30: Set-up to measure the surface profile generated at specific intervals of
length. The bristle blasted specimen is put in the vice and is given precise deflection
w.r.t. the detector unit of the profilometer.
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Figure 4.31: Enlarged view of the profiled specimen showing the direction of feed, bristle
motion and profilometer movement.

Figure 4.32: Press-film system used for evaluating anchor profile generation
performance. The replica tape is put under the micrometer which shows the Rz reading in
µm on the scale.
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Figure 4.33: (left) Components comprising the PosiTest Pull-off Tester, namely,
hydraulic actuator, pressure regulator and cutting tool, (right) Cross-sectional view of the
actuator lifting/pulling the dolly. Picture also shows the self-alignment feature of the
equipment. (Figure taken from Defelsko Corporation website)

Figure 4.34: Coating Thickness Tester used to measure the thickness of applied paint on
the specimen. The tester gives readings in microns.
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Figure 4.35: MAT2 specimens coated with Epoxy primer (left) and Epoxy coating system
and dollies (right).

Figure 4.36: Set-up for using the PosiTest Pull-off Tester. The set-up above shows the
hydraulic actuator lifting the dolly off the coated specimen. The pressure is automatically
regulated by the device and the strength readings are displayed on the screen.
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Figure 4.37: Experimental set-up for material removal showing the clamped API 5L
specimen on a magnetic base, which is held on the milling table by clamping fixtures.

Figure 4.38: Electronic Microbalance used for measuring the base material removed.
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Figure 4.39: Bristle specimens prepared for metallographic study using cold mounting
system. The specimens shown here have been polished and ready to be viewed under the
microscope.

Figure 4.40: Principal components of a Micro-hardness tester used for evaluating the
microhardness of the bristle.

Figure 4.41: Surface Finishing/Polishing Grinders used for grinding and polishing the
bristle and API 5L specimens to be viewed under microscope.
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5.

RESULTS AND DISCUSSION

5.1 Morphology and Classification of Surface Crater

Figure 5.1 shows the typical surface craters obtained during the monofilament
tool experiment on a ground and polished API 5L specimen. Careful observation of the
craters show that the bristle rebounded after the first impact and then hit the surface again
one more time (secondary impact) and then returned to its equilibrium position without
hitting the target surface again. Also, it can be seen that as the bristle tip came in contact
with the target surface it plastically deformed some material and raised it from the
surface. The displaced or “shoveled” material can be clearly seen in Figure 5.2. This
deformed region forms a “micro-curl” which is hypothesized to be completed removed
with subsequent bristle impacts. Direct comparison of these micro-indentations with
those reported by Budinski and Chin (1983) indicates that the signature is similar to that
generated by grit blast shoveling deformation. It is surmised, therefore, that repetitious
contact of bristle tips with a ductile surface will yield textures that are consistent with
characteristic features of grit blasting process.

To better understand the impact phenomenon, a Scanning Electron Microscope
was used to study the impact crater. Specially designed experiments resulted in single
impact craters at various depths of penetrations. Figure 5.3 shows the SEM image of a
crater generated by a sharp, hardened bristle tip at 1.5mm (0.06”) penetration. Figure 5.4,
Figure 5.5, Figure 5.6 and Figure 5.7 show the micro-indentation generated by a sharp
bristle at 1mm (0.04”), 2mm (0.08”), 3mm (0.12”) and 4mm (0.16”) depth of penetration
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respectively. All the impacts reported were able to penetrate through the original grinding
marks present on the surface. This supports the theory that bristle “shovels out” the
material from the target surface leaving behind a new and unique surface texture. Careful
observation of the figures showed that the basic shape and characteristic of the bristle
signature remains the same at higher penetrations also. Phenomenon of “secondary” hits
is more pronounced at higher penetrations. This can be attributed to the fact that at higher
penetrations the bristle strikes the target surface much before its equilibrium position.
The bristle “rebounds” after the first impacts are not large enough to make sure that the
bristle leaves the impact zone without coming in contact with target surface again. The
bristle ends up impacting the surface multiple times before exiting the impact zone.
However, even the secondary impacts do not fall in the category of “score marks” and
can be thought of as “weak” versions of the primary/initial impact with the target surface.

Figure 5.8, Figure 5.9, Figure 5.10 and Figure 5.11 show the micro-indentation
generated by a bristle of age “60 minutes” at 1mm (0.04”), 1.5 mm (0.06”), 2mm (0.08”),
3mm (0.12”) and 4mm (0.16”) depths of penetration respectively. Careful observation of
the figures reveals that the original grinding marks on the surface are still visible beneath
the impact crater generated. Therefore, it was concluded that the basic shape of the
micro-indentation remains the same but the impact is not of the same intensity i.e. the
depth of the crater is less compared to that by a new (age “0 minutes”) bristle. These
results are in conjunction with the fact that the bristle loses its sharp tip at the end of an
hour of use. The original sharp edge as shown in Figure 2.17 is replaced by a blunt one
(discussed later in the section) which is not as efficient in creating the “shoveling” effect.
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5.2 Metallurgy of Bristle

Steel is an iron-carbon alloy which involves carbon composition up to 1.98 wt%
carbon. Austenitizing is the process of converting steel to austenite by annealing it at a
sufficiently high temperature (approx 850 degree Celsius). Quenching is the process of
increasing the strength and hardness of steel by putting it rapidly in water (or oil) at room
temperature after austenitizing (Ruoff, A. L., 1973). This process leads to the formation
of martensite. After heat treatment the hardness becomes so high that the material could
only be machined by grinding. To reduce the hardness and brittleness of martensite, it is
often tempered. Tempering is the process of heating the steel to moderate temperatures
after quenching to reduce the stresses induced during martensite transformation. This
process results in carbide precipitation and increases the toughness of the steel.

Two bristles from different sets of tools were observed under the optical
microscope. Type 1 bristle was taken from the black belt tool (that was in production in
2007) and Type II bristle was taken from the red belt tool (that was in production in
2008). Figure 5.12 shows the overall composition of bristle Type I. Three distinct zones
can be clearly seen and are labeled as 1, 2 and 3. Figure 5.13, Figure 5.14, Figure 5.15
show the magnified view of zones 1, 2 and 3 respectively. Also, the transition from one
zone to another is seen in Figure 5.16 and Figure 5.17. It is recorded that Zone 2 is harder
than Zone 1. Careful observation of the figures revealed that Zone 1 near the tip is
tempered martensite and Zone 2 away from the tip is untempered martensite. This also
explains the higher hardness of Zone 2. It is speculated that the bristles were flame
hardened to a temperature of about 800 degrees and then quenched rapidly to produce
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martensite. Tempering is done to moderate the brittleness of martensite. The main body
of the bristle has a hardness of Rc ≈ 58.5 and the microstructure resembles some

deformed form of pearlite. Figure 5.18 shows the overall composition of Type II bristle.
Figure 5.19 and Figure 5.20 show the two distinct zones in the bristle. It is speculated that
Type I bristles were not tempered properly and hence it has a region of untempered

martensite. The hardness of the heat treated region and the main body is Rc ≈ 66 and Rc

≈ 58 respectively. Figure 5.22 shows the Rockwell hardness of both types of bristle
evaluated using the Buehler Micro-Hardness Tester.

5.3 Bristle Blasting Process Parameters

5.3.1 High Speed Videography

The bristle blasting process features a unique property which generates surfaces
that mimic grit blasting processes, namely, the formation of impact crater. Together, the
individual bristle and power tool are synchronized to yield a single primary impact and
immediate retraction of the bristle tip from the target surface. The impact event occurs
over an extremely short duration (approximately 0.0003 seconds), and a high speed
camera was used to study and optimize the process. High speed videos were studied
carefully and the bristle tip/surface collision sequence is illustrated in Figure 5.23,
whereby 11 (eleven) successive frames have been superimposed in order to capture the
complete contact event of a single bristle. One may observe that the incoming bristle
approaches the surface (bristle is moving from left-to-right) in frames 1, 2, and 3, and
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undergoes impact with the metallic surface in frame 4. Subsequently, frame 5 indicates
that the bristle tip has rebounded from the surface, and has actually retracted toward the
rearward direction (i.e., behind the initial impact site). Frames 6 - 11 show successive
stages of the bristle motion as further recovery occurs, and the bristle eventually returns
to an equilibrium position.

Several high speed videos were captured that focused on the bristle/accelerator
bar contact. Careful examination of these videos revealed that when the bristle first hits
the accelerator bar, the impact lifts the bristle in the opposite direction of motion. The
bent knee of the bristle then slides on the accelerator bar. During this time the hub and
point of attachment between the hub and the bristle has already moved ahead. The
contact with accelerator bar stores an additional energy (potential) in the system. When
the bristle leaves the accelerator bar, the additional energy is converted kinetic energy.
This gradual release of extra kinetic energy is responsible for the increased velocity of the
bristle just before the impact. As already shown, velocity of the bristle tip increases by
about 88%, in the presence of the accelerator bar.

Another event that was noticed in the high speed videos was a string of very small
rebounds (Figure 2.13) and impacts after the bristle had passed the initial impact site.
These impacts (to the right of the initial impact site) were termed as “secondary” impacts.
The area on the metallic surface subjected to secondary impacts was called “secondary
zone” since the impacts were weaker than the primary impacts and the “shoveling” action
was not as pronounced. It was later found that at higher penetration the secondary
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impacts increase in number this leads to a longer secondary zone. In this case the extent
of overlap with the successive pass has to be increased to completely replace the
secondary zone with a new primary zone.

5.3.2 Surface Morphology and Texture

Figure 5.24 show the initial and as-received API 5L pipe specimen. Figure 5.25
shows the interior section of an as-received and bristle blasted pipe section and Figure
5.26 shows an optical microscopic image of the “as-received” and bristle blasted surface.
One can observe that the cleaned surface has a uniform appearance and is free of any
residual corrosion. In order to further examine the degree of cleanliness and morphology
of surfaces generated by the bristle blasting process, scanning electron micrographs of the
treated surface are shown in Figure 5.27 and Figure 5.28. Careful examination of the
treated surface indicates that no corrosive pits remain and the surface has a
uniform/repeated pattern of micro-indentations. Each micro-indentation is evidently
associated with the impact/rebound of bristle tips, and bears a strong resemblance to the
impact crater shown in Figure 5.2. 300X scanning electron micrograph of the bristled
surface (Figure 5.28) clearly indicate craters that were individually formed by the bristle
tip impact during the cleaning process.
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5.3.3 Material Removal Study

The removal of corrosive layers via mechanical surface treatment processes is
inevitably accompanied by the removal of base material as well. Excessive removal of
substrate material, however, can compromise the integrity of the component/structure,
especially in regions where thin cross-sections may exist. Therefore, considerable
experimentation has been carried out to assess the material removal performance of the
bristle blasting tool. The material removed (gram weight) from a flat API 5L specimen is
measured and reported by using a bristle blasting tools that have acquired various periods
of operation/in-service use and operated at different penetration levels.. Thus, the
material removed by tools having 3 different “ages” namely, 5 min (triangle), 25 min
(square) and 72 min (diamond) of service life at three different penetration depths
namely, 1.5 mm, 4 mm and 7.5 mm are reported. Figure 5.29, Figure 5.30 and Figure
5.31 indicate that the tool has a more aggressive behavior at higher penetration i.e. more
material is removed at higher penetration. Figure 5.32, Figure 5.33 and Figure 5.34
indicate that material removal capacity of the tool (for API 5L material system) regularly
decreases as its duration of use increases. These figures seem logical because as the tool
progressively ages, the tips lose their original configuration (Refer to Figure 2.17) and
hence material removing capability. Figure 5.29 shows that for a fairly new tool (“age 5
minutes”) increasing the depth of penetration dramatically improves the material removal
performance of the tool. Nevertheless, the tool retains the ability to remove material from
the specimen even up to the time at which tool retirement is recommended (i.e. 70 min).
It suggests that special care must be given while cleaning thin areas in a structure. A “pit”
results from localized corrosion set-up due to formation of an electrochemical cell and
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extends below the depth of general corrosive layer. As the bristle blasting tool
consistently remove base material (which is necessary for removal of pit), it indicates that
the bristle blasting tool can be used to remove pitting corrosion. The reported results
show that material removal performance increases with the depth of penetration and the
time spent at the target surface. So, when the operator encounters a pit during the
corrosion removal process, he can increase the depth of penetration or spend more time at
the pit to completely remove the base material (and hence the pit). All the above results
are reported for the base material, since the corrosive layer is brittle and friable, it will be
removed at a much faster rate and in a more aggressive manner.

5.3.4 Force Sensor Study

The force sensor study was conducted in order to get a measure of the forces
exerted by the CNC applied loads on the target surface at different penetrations. Figure
5.35, Figure 5.36, Figure 5.37 and Figure 5.38 shows the average normal, in-plane shear,
out-of-plane shear, and resultant forces at various penetrations. Even though the out of
plane force was recorded for statistical purposes, in almost all the cases it came out to be
close to negligible.

Also, it was decided to manually use the bristle blasting tool to include the human factors
while operating this hand-held device, Figure 5.39 and Figure 5.40 show the force
signature for two users. It was found that the users tend to exert two discrete levels of
force. The first of the two levels corresponded to a penetration that was almost equal to
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the “dynamic-zero” of the tool (i.e. “0” penetration, as shown in Figure 5.41). The
average of the higher force exerted manually was approximately 15N and it corresponded
to a penetration of about 1.25 mm (0.05”) as shown in Figure 5.42. Since at dynamic zero
of the CNC applied loads, the bristles still impact the target surface, there is a force
corresponding to this penetration. As the penetration is increased, as expected, the force
exerted increases. The force exerted stays constant for the penetration increase from 2.5
mm (0.1”) to 5 mm (0.2”). Further increase in the depth of penetration again increases the
force exerted. The maximum force recorded by the force sensor during the experiment
was approximately 70N. Thus, the force sensor study yielded a graph which would help
in the conversion of the force exerted by the user into the actual penetration of the bristle
tool into the target surface. Figure 5.41 shows a typical force signature data used to
evaluate the average forces.

5.3.5 Surface Profile Study

The use of various tools and media for surface cleaning processes inevitably
yields a characteristic surface appearance or “signature” that is peculiar to the
contact/interaction that occurs along the interface of the tool and workpart. However,
finer details of the surface morphology cannot be visually resolved and, therefore, a host
of surface texture parameters have been proposed for quantifying architectural surface
features with greater precision. To this end, the average peak-to-valley texture parameter
Rz (discussed in detail in Section 4) is often used for measuring the “anchor profile” of
cleaned surfaces prior to the application of paints and coatings.
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The surface profile study was conducted to study the variations in the anchor profile
within the contact region generated by a new, sharp bristle at different depths of
penetration. It was also geared towards obtaining a clear demarcation between the
primary and secondary zone based on the anchor profile generated. It has already been
proved by the high speed videos that the impact of the bristle after the initial rebound is
not the same as the primary impact. This leads one to believe that the profile generated by
the secondary hits should be different than the one generated by primary hits. In order to
develop an understanding of the detailed surface texture that is generated by the bristle
blasting process, surfaces were prepared by using the standard procedure discussed in
Section 4. Accordingly, the contact zone shown in Figure 5.43 has been generated using
the platform of a three-axis milling machine by traversing the surface of a flat, ground
API 5L steel specimen at a constant lateral feed rate of 0.5 cm/s. All the measurements
start from the entry zone of the tool and subsequent readings were taken as one goes
towards the rear end of the band.

Surface texture parameter Rz was subsequently measured using standard
laboratory equipment (Mitutuyo Surface Roughness Tester SurfTest SJ-301), and is
reported in Figure 5.44 at several uniformly-spaced sampling positions that are coincident
with the transverse coordinate (s=constant). The results shown in Figure 5.44 have been
obtained using six different tool penetration depths and indicate that the length of the
contact zone broadens as the penetration depth increases, which is the expected result.
This follows the result that as the depth of penetration increases, the number of secondary
impacts and hence the secondary zone increases. Hence, it can be seen that although the
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secondary zone is much longer for higher penetrations but the RZ values are much lower
than the primary zone for most part of the zone.

Careful observation revealed that highest Rz is obtained for penetration in the
range of 1.25 mm (0.05”) – 2.5 mm (0.1”). Also, it was observed that as the depth of
penetration is increased the profile generated deteriorates. This phenomenon can be
attributed to the fact that at higher penetrations the bristle impacts the target surface well
before its equilibrium position and hence its kinetic energy is not the maximum. These
results also indicate that coarse texture is sustained over a wider region within the contact
zone at shallower penetration, and abruptly declines at the deepest penetration.

Also, careful observations of Figure 5.44 reveal that each of the penetration, the
texture decreases abruptly at some point. This sharp drop is used to differentiate between
primary and secondary zone. The lower RZ value (or the secondary zone) needs to be
overlapped with the subsequent primary zones to obtain a uniformly textured surface.
Finally, the actual surface profile that was recorded along the coordinate position s =
5mm (0.2”) is shown in Figure 5.45, which illustrates the topographical nature of a bristle
blast surface.

The specimens prepared for the surface profile study were observed under an
optical microscope. Figure 5.46 shows the flat ground specimen that was bristle blasted at
a penetration of 2.5 mm (0.10”). A number of images were taken at different
magnification levels and focusing on different areas of the band. Careful observation of
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the microscopic images led to a number of conclusions. The entry zone is clearly visible
in Figure 5.48, where the pristine surface is replaced by a number of micro-indentations.
It can be seen that the profile generated is uniform in nature. A highly magnified view of
the entry zone yields that the single hit micro-indentation/crater as observed in Figure 5.2
are clearly visible in Figure 5.47.Impact craters with “shoveled” material can be clearly
seen in this figure too. Careful observation of the cleaned band shows that the secondary
zone has a profile that is different from the primary zone. As explained before, the
secondary region is created by the hits on the target after the first (primary) rebound. The
bristles then undergo a series of smaller rebounds, clearly visible in the high speed
videos, and the subsequent impacts with the target surface have been termed secondary
hits. Figure 5.49 clearly shows that even the secondary zone is free from score markings
or striations. The RZ value drops appreciably in the secondary zone as observed in the
Figure 5.44 and hence this warrants the overlap of the second band over the first cleaned
band.

5.4 Bristle Blasting Tool Applications

5.4.1 Visual Cleanliness

Looking at the prepared specimens, several observations can be made regarding the
degree of cleaning offered by the bristle blasting tool in relation to other standard
methods that are commonly used by trained /skilled users in the production environment
in the surface cleaning community:
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•

Comparison of bristle blasting process with surface treatment tools cited in
Visual Standard for Power and Hand cleaned Steel (SSPC – VIS 3)

A direct comparison of the surfaces prepared by bristle blasting with the
photographs that are published by the Steel Structures Painting Council (SSPC –
VIS 3) for various power tools and hand tools indicates that the current approach
clearly exceeds the cleanliness performance of all current power tool cleaning
processes, including hand tool cleaning by wire brush (SP2), power tool cleaning
by power wire brush (SP3/PWB), power tool cleaning by sanding disks (SP3/SD),
and power tool cleaning by needle gun (SP3/NG).

In addition, the bristle blasted surfaces obtained during the project also exceed the
cleanliness and texture expectations of power tool cleaning to bare metal (SP11),
which encompasses both impact and profile producing media (i.e. rotary flaps,
needle guns, etc.), and surface cleaning media (i.e. non-woven abrasives, coated
abrasives, etc). That is, surface specification SP11 allows materials to remain at
the bottom of corroded pits, while retaining/producing a minimum surface profile
of 25 microns. Conversely, the results obtained in this project indicate that no
corrosive pits remain after bristle blasting, and the treated surface has a
texture/profile that varies from 63 microns to 84 microns throughout the course of
tool life. Thus, the bristle blasting tool clearly outperforms conventional wire
brushes, sanding disks, rotary flap and needle gun processes.
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•

Comparison of bristle blasting process with surface treatment methods cited
in Guide and Reference Photographs for Steel Surfaces Prepared by Dry
Abrasive Blast Cleaning (SSPC – VIS1)

Surfaces prepared by the bristle blasting process exceed the cleanliness of
surfaces that is achieved by brush-off blasting (SP 7), industrial blast cleaning (SP
14), and commercial blast cleaning (SP 6). The surfaces cleanliness obtained by
using bristle blast cleaning however, does appear to commensurate with near
white metal blast cleaning (SP 10), and white metal blast cleaning (SP 5).

Figure 5.25 shows the result after bristle blasting an interior section of the vessel
wall. For comparison purposes, the initial condition of the corroded interior surface has
been place directly below the cleaned coupon. One may observe that the cleaned surface
has a uniform appearance and is free of any residual corrosion. The measured average
cleaning rate for this application was determined by carefully designed experiments and
was approximately 1.1 m2/hr. Further inspection of the initial condition of the corroded
specimen is shown in Figure 5.26 (Left) and depicts a significant depth of rust/scale
along with corrosive pitting. The cleaned specimen Figure 5.26 (Right), however, is
corrosion-free, and indicates that no remaining corroded pits can be found on the treated
surface.

In order to further examine the degree of cleanliness and the morphology of
surfaces generated by the bristle blasting process, scanning electron micrographs of the
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treated surface are shown in Figure 5.27 and Figure 5.28. Careful examination of Figure
5.27 (20x) indicates that no corrosive pits remain, and that the treated surface has a
uniform/repeated pattern consisting of micro–indentations. Each micro-indentation is
evidently associated with the impact/rebound of bristle tips, and bears a strong semblance
to the impact crater shown in Figure 5.3. Higher magnification (300X) of the region
clearly indicates craters that were individually formed by bristle tip impact during the
cleaning process.

5.4.2 Coating Adhesion Strength Study

Coating adhesion study was conducted to evaluate the bond strength between a
cleaned surface and coating system. MAT 2 specimens were cleaned using conventional
grit blasting and the novel bristle blasting method. Figure 5.50 shows the surface for
MAT 2 before corrosion removal. General appearance of the bristle blasted and grit
blasted surface is shown in Figure 5.51 and Figure 5.52 is accompanied by the measured
characteristic profile for each surface. In each case, the cleaned surfaces had a coarse,
corrosion free appearance, with no evidence of remaining corrosive pits. Measurement of
the bristle blast surface yielded Rz = 102 microns along with the average peak count PC
/cm = 12, whereas the grit blast surface recorded Rz = 133 microns along with PC/cm =
10. Performance of the two differently prepared surfaces was assessed by measuring the
adhesive bond strength of a two-part epoxy coating system (Pratt-Lambert epoxy primer
S3393 and S3344, and epoxy S3400 and S3498). Approximately 400 μm of coating

(epoxy + primer) was applied on the cleaned surface to obtain a smooth surface making
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sure that the paint was well above the profile generated. Although some debate exists
concerning the interpretation of this standard test, the coating adhesion test (ASTM D
4541) is often regarded as a key indication of the integrity of both the prepared surface
and the coating material system.

Figure 5.55 and Figure 5.56 show the coating adhesion results for a cure time of 4
days and 60 days respectively and show near-parity for the two different processes. That
is, the coating bond strength of the bristle blasted surface meets or exceeds the bond
strength of surfaces prepared by the grit blasting process. Also, the typical condition of
the de-bond surface for each steel specimen is shown in Figure 5.54 for the bristle blast
surface and in Figure 5.53 for the grit blast surface. In each case, the specimen surfaces
appear similar, and failure has occurred along the coating/steel interface. In some cases it
was also observed that the failure of the coating took place in the epoxy layer and the
primer layer was still in contact with the cleaned surface (Figure 5.57). The pull off
coating adhesion test is based on the weakest layer in the coating system i.e. the tensile
tester shown in figure takes apart the weakest layer and records the force needed for the
same. Experiments that concluded at 4 days cure showed that the epoxy was weakest
layer and hence the coating failed at that interface. Therefore, it showed that the adhesion
of primer to the cleaned surface was at least equal to or more than the numbers recorded
for the epoxy layer after 4 days cure time.
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5.5 Performance and Life

5.5.1 Surface Roughness vs. Time

Figure 5.58 examines the relationship between surface texture (Rz, microns) and
tool age (minutes of service). The results reported are averaged values of 3 separately
recorded texture measurements that were obtained using standard press-film replica tape.
These results show that the new (i.e. as received) tool generates an anchor profile of Rz
approx 84. However, with increased use, the anchor profile performance of the tool
progressively declines to Rz approx 62 at the conclusion of the tool’s life.

5.5.2 Bristle SEM

To better understand the wear process of the bristles in service it was decided to
examine bristles having various minutes of “in-service” using an optical and scanning
electron microscope. Figure 5.59 shows the bristles of a tool having 72 minutes of inservice use. It can be clearly seen that the bristle is thinner in the middle portion of the
shank/knee. This has been attributed to the interaction of a bristle with its neighboring
bristles. During service, as the tool hits the accelerator bar, all the bristles are start
interacting each other. Then, as the bristles regain their kinetic energy and proceed
toward the target surface, all the bristles are again in contact with each other at the time
of impact with the target surface. These interactions are repeated with each revolution of
the tool and are suspected to take a toll on the bristle life. It was observed that about 8-
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10% and 12-15% of the bristles at the back of the cluster are lost are 30 and 60 minutes
of use respectively.
Figure 5.60 and Figure 5.61 show the scanning electron microscopy of bristle
aged “25 min” and“0 min” respectively. The original sharp edge of a new bristle can be
clearly seen in the figure. For the older bristle, the original edge has been modified over
the time of use and a new wear surface is being formed in a preferential direction. This
preferential new wear surface formation has been attributed to the interaction of the
bristle shank/tip region with the accelerator bar. As the accelerator bar is harder than the
heat treated region of the bristle, the repeated impacts wear out the sharp bristle edge and
lead to the formation of a new edge.

5.6 Recommended Norms for Operation of Bristle Blasting Tool

5.6.1 Guidelines and Norms for Industrial Use

5.6.1.1

Proper attire and safety precautions

Safety precautions that should be taken by the operator are the same as those which
apply to ordinary hand-held power tools, namely, work gloves, suitable work-clothing
and appropriate face/eye protection must be worn. The tool is light-weight, easily
controlled, and does not require the use of protective work-suits, specialized breathing
apparatus, and grit-recovery systems that are ordinarily necessary when performing grit
blasting processes. Also, the bristle blasting process is eco-friendly, and does not use or
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generate hazardous waste, thereby providing a “green” approach to corrosion removal
and surface preparation of steel components.

5.6.1.2

Range of applications

The bristle blasting process can be readily adapted to a range of surface treatment
applications such as corrosion removal, mill scale removal, paint and coating removal,
weld surface preparation and weld seam cleaning, and general pre-treatment of surfaces
that require an anchor profile. The tool has excellent mobility, and can be positioned for
use in corners, on bolt heads, rivets, and other fasteners/components that may project
above the treated surface. Generally, the process can restore corroded surfaces to nearwhite metal or white metal appearance, and can remove pitted corrosion from the treated
surface.

5.6.1.3

Application guidelines for users

All manual surface treatment processes require dexterity, visual acuity, and a
basic understanding of key parameters that affect the performance of surface finishing
equipment. Training and experience are, therefore, important factors that enable users to
develop skills that are needed for a successful outcome. The skill-sets that are essential
for successful application of the bristle blasting process are quite similar to those needed
for other surface treatment processes, and include the following: 1) proper orientation of
the tool in relation to the target surface, 2) control of tool force exerted onto the surface,
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and 3) the feed rate and direction of the tool during operation. In the following
discussion, each of these user-based considerations is briefly discussed within the context
of a common corrosion removal application. Although thorough guidelines for using the
bristle blasting tool are currently being developed, the following summary describes the
best practice/procedure that is currently available for skilled industrial use:

1. Initializing the process cleaning parameters
Appropriate selection of the bristle blasting process parameters can be
readily established by first, identifying a candidate surface that requires
cleaning, and isolating a portion of the surface for initial cleaning/testing. In
general, the face of the tool hub is oriented perpendicular to the treated surface
during use, as shown in Figure 5.62. During corrosion removal, the bristle
tips are brought into direct contact with the corroded surface using minimal
applied force, and the rotating tool is gradually moved along the transverse
direction, that is, either to the left or right of the user (see Figure 5.62 ). Thus,
the appropriate pressure and feed rate of the tool is obtained by direct
experimentation and by visually inspecting the trial-tested region to ensure
that the desired cleaning standard/requirement is reached.
2. Method/pattern for continuous systematic cleaning
Having obtained the appropriate process parameters for corrosion removal,
the user then identifies the region to be treated, and develops a simple plan for
obtaining complete coverage. As shown in Figure 5.62, for example, the
surface of a corroded steel component must be cleaned. The user, in turn, has
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elected to begin the corrosion removal process at the extreme left end of the
component, and has applied the working surface of the tool along the
transverse direction, i.e., from left to right. This procedure has resulted in a
cleaned and textured horizontal band or row, which appears in Figure 5.62(a).
Equally important, the user has started the cleaning operation along the top
(uppermost) portion of the corroded surface, and will perform all subsequent
cleaning by the use of overlapping bands that have their starting point below
(under) the previously cleaned region. That is, correct use and optimal
cleaning/texturing performance of the tool requires that each overlapping
successive band is generated beneath the previously cleaned region/row.
Therefore, as shown in Figure 5.62(b), the user has correctly overlapped the
previously cleaned region, and has generated/cleaned the next row by placing
the working surface of the rotating tool directly below the initially prepared
surface.
3. Completing the corrosion removal process
Corroded components can be completely cleaned by repeating the
previously described procedure. Thus, as shown in Figure 5.62 (c), the top
surface of the corroded beam has been completely cleaned, and the user is
ready to remove corrosion from any remaining surfaces. Finally, if any
portion of the surface is identified where unsatisfactory cleaning has been
obtained; the user can return to these locations for final “touch-up” cleaning,
as needed.
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Figure 5.1: Overall layout of the hits obtained during single impact study.

Figure 5.2: Higher magnification of Figure 5.2 clearly shows the displaced “shoveled”
material.

Figure 5.3: SEM image of the impact crater shown in Figure 5.1.
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Figure 5.4: Microindentation generated by a new bristle (age 0 mins) penetrated at 1mm
(0.04") penetration. Picture at 0 degrees tilt (Left) and at 60 degrees tilt (Right).
Approximate bristle tool specifications: face width: 22mm, hub radius: 27.5mm, bristle
wire diameter: 0.78 mm, bristle length: 27mm.

Figure 5.5: Microindentation generated by a new bristle (age 0 mins) penetrated at 2mm
(0.08") penetration. Picture at 0 degrees tilt (Left) and at 60 degrees tilt (Right).
Approximate bristle tool specifications: face width: 22mm, hub radius: 27.5mm, bristle
wire diameter: 0.78 mm, bristle length: 27mm.
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Figure 5.6: Microindentation generated by a new bristle (age 0 mins) penetrated at 3 mm
(0.12") penetration. Picture at 0 degrees tilt (Left) and at 60 degrees tilt (Right).
Approximate bristle tool specifications: face width: 22mm, hub radius: 27.5mm, bristle
wire diameter: 0.78 mm, bristle length: 27mm.

Figure 5.7: Microindentation generated by a new bristle (age 0 mins) penetrated at 4 mm
(0.16") penetration. Approximate bristle tool specifications: face width: 22mm, hub
radius: 27.5mm, bristle wire diameter: 0.78 mm, bristle length: 27mm.
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Figure 5.8: Microindentation generated by an old bristle (age 72 mins) penetrated at 1mm
(0.04") penetration. Picture at 0 degrees tilt (Left) and at 60 degrees tilt (Right).
Approximate bristle tool specifications: face width: 22mm, hub radius: 27.5mm, bristle
wire diameter: 0.78 mm, bristle length: 27mm.

Figure 5.9: Microindentation generated by an old bristle (age 72 mins) penetrated at 1.5
mm (0.06") penetration. Picture at 0 degrees tilt (Left) and at 30 degrees tilt (Right).
Approximate bristle tool specifications: face width: 22mm, hub radius: 27.5mm, bristle
wire diameter: 0.78 mm, bristle length: 27mm.

Figure 5.10: Microindentation generated by an old bristle (age 72 mins) penetrated at
3mm (0.12") penetration. Approximate bristle tool specifications: face width: 22mm, hub
radius: 27.5mm, bristle wire diameter: 0.78 mm, bristle length: 27mm.

142

Figure 5.11: Microindentation generated by an old bristle (age 72 mins) penetrated at
4mm (0.16") penetration. Picture at 0 degrees tilt (Left) and at 60 degrees tilt (Right).
Approximate bristle tool specifications: face width: 22mm, hub radius: 27.5mm, bristle
wire diameter: 0.78 mm, bristle length: 27mm.

Figure 5.12: Overall composition of Type 1 bristles clearly showing three different zones.
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Figure 5.13: Magnified view of the Zone 1 in Figure 5.13. The microstructure resembles
tempered martensite.

Figure 5.14: Magnified view of the Zone 2 in Figure 5.13. The microstructure resembles
untempered martensite.
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Figure 5.15: Magnified view of the Zone 3 in Figure 5.13. The microstructure resembles
pearlite.

Figure 5.16: Transition zones showed in Figure 5.13 showing transition from untempered
martensite (left) to tempered martensite (right).
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Figure 5.17: Transition zones showed in Figure 5.13 showing transition from pearlite
(left) to tempered martensite (right).

Figure 5.18: Overall composition of Type II bristles clearly showing two different zones.
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Figure 5.19: Magnified view of Zone 1 in Figure 5.19. The microstructure resembles
tempered martensite.

Figure 5.20: Magnified view of Zone 2 in Figure 5.19. The microstructure resembles
pearlite.

147

Figure 5.21: Transition zones showed in Figure 5.19 showing transition from tempered
martensite (left) to pearlite (right).

Figure 5.22: Rockwell hardness for the two different types of bristle. Type 1 (Left) and
Type II (Right).

148

Figure 5.23: Successive frames of a single bristle taken from high-speed digital camera
depicting the approach (frames 1, 2, and 3), contact/collision (frame 4), subsequent
retraction (frame 5), and return to equilibrium position (frames 6-11) of bristle.

Figure 5.24: Initial "as-received" API 5L specimen.
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Figure 5.25: Interior of API 5L piping in as-received (bottom), and after bristle blasting
(top).

Figure 5.26: Photograph depicting the extent of corrosion/pitting on as-received surface
of piping (Left), and general appearance/cleanliness

Figure 5.27: SEM images of the bristle blasted surfaces. 20X (Left) and 50X (Right).
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Figure 5.28: Higher magnification of the SEM image. 100X (Left) and 300X (Right).

Figure 5.29: Measured material removal rate for API 5L flat specimen, using bristle tool
having “5 mins” of in-service time. Approximate bristle tool specifications: face width:
22mm, hub radius: 27.5mm, bristle wire diameter: 0.78 mm, bristle length: 27mm, total
bristle population ~ 480.

151

Figure 5.30: Measured material removal rate for API 5L flat specimen, using bristle tool
having “25 mins” of in-service time. Approximate bristle tool specifications: face width:
22mm, hub radius: 27.5mm, bristle wire diameter: 0.78 mm, bristle length: 27mm, total
bristle population ~ 480.

Figure 5.31: Measured material removal rate for API 5L flat specimen, using bristle tool
having “72 mins” of in-service time. Approximate bristle tool specifications: face width:
22mm, hub radius: 27.5mm, bristle wire diameter: 0.78 mm, bristle length: 27mm, total
bristle population ~ 480.
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Figure 5.32: Measured material removal rate for API 5L flat specimen, using bristle tool
having various periods of continuous use at 1.5 mm penetration. Approximate bristle tool
specifications: face width: 22mm, hub radius: 27.5mm, bristle wire diameter: 0.78 mm,
bristle length: 27mm, total bristle population ~ 480.

Figure 5.33: Measured material removal rate for API 5L flat specimen, using bristle tool
having various periods of continuous use at 4.0 mm penetration. Approximate bristle tool
specifications: face width: 22mm, hub radius: 27.5mm, bristle wire diameter: 0.78 mm,
bristle length: 27mm, total bristle population ~ 480.
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Figure 5.34: Measured material removal rate for API 5L flat specimen, using bristle tool
having various periods of continuous use at 7.5 mm penetration. Approximate bristle tool
specifications: face width: 22mm, hub radius: 27.5mm, bristle wire diameter: 0.78 mm,
bristle length: 27mm, total bristle population ~ 480.

Figure 5.35: Average normal force (FN) for CNC applied loads at various depths of
penetrations.

154

Figure 5.36: Average shear force (FS) for CNC applied loads at various depths of
penetrations.

Figure 5.37: Average out of plane force (FZ) for CNC applied loads at various depths of
penetrations.
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Figure 5.38: Average resultant force (FRes) for CNC applied loads at various depths of
penetrations.

Figure 5.39: Average forces for “user applied loads” for User1. FZ denotes the out of
plane force, FS denotes the shear force, FN denotes the normal force and FRes denotes the
average resultant force.
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Figure 5.40: Average forces for “user applied loads” for User2. FZ denotes the out of
plane force, FS denotes the shear force, FN denotes the normal force and FRes denotes the
average resultant force.
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Figure 5.41: A typical force signature data used to evaluate average normal, shear, out-ofplane and resultant forces for CNC applied loads. FZ denotes the out of plane force, FS
denotes the shear force, FN denotes the normal force and FRes denotes the average
resultant force.
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CNC Applied Loads

User Applied Loads

Figure 5.42: Graph showing resultant of the applied loads via both the methods i.e. CNC
applied loads and User applied loads. It can be clearly seen that users can apply two
discrete levels of loads which correspond to a maximum penetration depth of 1.25 mm
(0.05”) by CNC applied loads.

Figure 5.43: Typical specimen prepared by a single pass of bristle blasting tool showing
the tool feed and profilometer movement direction.
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Figure 5.44: Measured surface profile (RZ) at several locations in the contact region
where s=constant. These data show the role that increased penetration plays in generating
surface profile.

Figure 5.45: (left) Bristle blasted surface generated within region S=0.2 in. of specimen
shown in Figure 24(a), and (right) topographic profile of a bristle blasted surface traced
by a surface profilometer.
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Figure 5.46: Optical microscope image of the 2.5 mm (0.10") penetration specimen
depicting the tool entry and exit zones.

Figure 5.47: Magnified view of the entry region for a specimen for a specimen bristle
blasted at 2.5 mm penetration.

Figure 5.48: Entry/Primary zone of the specimen in Figure 5.40.
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Figure 5.49: Exit/Secondary zone of the specimen in Figure 5.40 of the bristle blasted
surface after corrosion removal (Right) showing no score/striations.

Figure 5.50: Typical initial surface of corroded steel specimens used in comparative
studies of adhesive bond strength for surfaces prepared by bristle blasting and grit
blasting processes.

Figure 5.51: General appearance of cleaned surface and corresponding measured profile
for bristle blasted surface.
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Figure 5.52: General appearance of cleaned surface and corresponding measured profile
for grit blasted surface.

Figure 5.53: A typical Grit Blasted specimen after the coating strength study. Surface
(Left) and dolly removed from the surface (Right).

Figure 5.54: A typical Bristle Blasted specimen after coating strength study. Surface
(Left) and dolly removed from the surface (Right).
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Figure 5.55: Results of coating adhesion test for surfaces prepared by bristle blasting
process (triangle) and grit blasting process (circle) for cure time of 4 days.

Figure 5.56: Results of coating adhesion test for surfaces prepared by bristle blasting
process (triangle) and grit blasting process (circle) for cure time of 60 days.
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Figure 5.57: Coating adhesion specimen showing failure at the epoxy layer (Cure time: 4
days). Surface (Left) and dolly removed from the surface (Right).

Figure 5.58: Variation of surface texture/anchor profile as bristle tool progressively ages.
Approximate bristle tool specifications: face width: 22mm, hub radius: 27.5mm, bristle
wire diameter: 0.78 mm, bristle length: 27mm, total bristle population ~ 480.

Figure 5.59: SEM of a "72 min" bristle. Thinning of shank is clearly visible.
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Figure 5.60: SEM of a "25 minutes" bristle. Thinning of shank and preferential wear
surface is clearly visible.

Figure 5.61: SEM of a brand new bristle. The sharp tip/edge is clearly visible.

Figure 5.62: Recommended use of the bristle blasting tool for corrosion removal. First, a
horizontal row is prepared using a minimal applied force and steady feed rate (a), Process
described in (a) is repeated by overlapping the second row with the previous one that was
cleaned (b). Finally, the entire surface is cleaned by repeatedly overlapping each row
with the previously cleaned region until full coverage is completed (c).
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6.

SUMMARY AND CONCLUSION
To summarize, a novel brushing tool was developed as a means of corrosion

removal and simultaneous anchor profile generation. Bristle geometry plays a key role in
the dynamic response and impact signature that is characteristic of rotary bristle. A high
speed camera was utilized to study the kinematics of the tool as well as the interaction
with the target surface. Observation of the high speed videos revealed an unusual tool
behavior that was uncharacteristic of conventional brushing tools. This novel rotary tool,
comprised of forward bent bristles tips (HRC≈65), exhibited impact and immediate
retraction from the target surface, thereby generating a crater or micro-indentation that
neither replicates brushing tool behavior, nor generate surfaces that are associated with
brushing processes. The contact mechanics and surfaces generated by this tool were
studied with help of both optical and scanning electron microscopes. Examination of
morphology has shown that surfaces prepared via bristle blasting are closely related to
both grit and/or shot blasted surfaces. Typical impact craters generated by the tool have
been likened to shoveling craters, which closely resembles one of the four different types
of impact craters generated by grit blast media. It was proposed, therefore, that impact
tools of this variety be appropriately termed “bristle blasting” tools, and their
implementation in surface treatment operations be termed bristle blasting processes.

Significantly enhanced increased kinetic energy of bristles can be obtained by
strategically placing an obstruction or accelerator bar into the incoming path of rotating
bristles. This accelerator bar provides a means of storing and releasing additional bristle
energy as the wire accelerates towards the target surface. The enhanced velocity was
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found to be 88% more than that of a standard bristle motion without the accelerator bar.
Experiments were conducted to evaluate the force signature of the tool and observations
revealed that the manual force exerted by the operator corresponds to a penetration of
which lies in-between the “dynamic zero” and 1.25 mm (0.05”) penetration for CNC
applied loads. Careful experimentation revealed that penetrating the tool at a higher depth
increases the material removal performance, but at the same time deteriorates the surface
profile generated. In addition, material removal and anchor profile generation can be
accurately forecasted over the duration of tool life (approximately 1 hour). Further
analysis revealed that the bristle blasted surfaces promote coating adhesion strength by
generating an anchor profile. Results indicated near-parity for coating adhesion
performance of bristle blast surfaces and grit blast surface. Metallographic study
suggested that the bristle tips are comprised of tempered martensite having Rockwell
hardness as high as 66 RC. Standard/recommended norms for implementation of the
bristle tool were also developed during the course of this research.

A direct comparison of bristle blasting tool performance with visual standards
published by Society of Protective Coatings (SSPC VIS 3) with power hand tool
cleanliness standards (SP 11) clearly indicates that the bristle blasting process surpasses
the cleanliness and profile that is characteristic of all existing power tool cleaning
processes, including hand tool cleaning by wire brushes (SP 2), power tool cleaning by
power wire brush (SP3/PWB), sanding discs (SP 3/SD), and needle guns. Furthermore,
comparison of the bristle blasting process with dry abrasive blast cleaning standard
(SSPC VIS 1) shows that performance of the bristle blasting process exceeds that of
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brush-off blast cleaning (SP 7), industrial blast cleaning (SP 14), and commercial blast
cleaning (SP 6). Thoroughness of the bristle blasting process, however, appears to be on
an equal par with near-white blast cleaning (SP 10) and white metal blast cleaning (SP 5).
Thus, the disparity of the bristle blasting process with norms/standards cited in SP 11
suggests that a re-evaluation of this document is needed in order to accurately convey the
performance of bristle blasting processes to the corrosion/surface finishing community.

Key findings of this research project are summarized below:
•

A bristle with forward bend knee angle of 26 degrees, shank length, L1=22 mm,
knee length, L2=5 mm, bristle diameter, db = 0.78 mm produces a single impact
crater on the target surface (for both API 5L and a low carbon steel), when
rotating at speeds ranging from 2000 - 3000 rpm on a hub of radius, rh = 27.5 mm.

•

Specially designed accelerator bar increases the pre-impact velocity of the bristle
by 88%. On the basis of elementary mechanics, bristle energy is equivalent to a
G16 grit moving at 35 m/s (without accelerator bar i.e. standard bristle motion)
and 95m/s (with accelerator bar i.e. enhanced motion).

•

Bristle blasted surfaces are free from score/striations and meet white metal/near
white metal cleanliness standards.

•

Near-parity was found amongst the coating adhesion strength on surfaces
produced by bristle blasting and G16 grit blasting.

•

Bristle blasting can sustain the material removal and anchor profile generation for
approximately 1 hour, with a cleaning rate of 0.92 to 1.3 m2/hr. The tool can
generate a surface roughness profile (Rz) that ranges 85µm (for a tool of age
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“0mins”) and 64 µm (for a tool with age “60 mins”), which keeps on decreasing
as the penetration depth of the tool is increased.
•

Bristle blasted is capable of removing corroded pits, which are often encountered
during severe cases of corrosion.

•

Bristle blasting process is a user friendly and “green” method of surface
preparation. The lightweight system requires minimal standard protection during
operation and produces no hazardous by-products.

The effectiveness/performance of bristle blasting process remains uncertain for a
wider family of material systems, including bridge steels, naval steels, and aerospace
steel alloys. Thus, it is recommended that further research be carried out for a variety of
material systems.
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APPENDIX
Table A. 1: Results showing the force recorded by the electronic balance corresponding to individual deflections
(y) shown in Figure 3.5.

Deflection (m)
0
0.00254
0.00508
0.00762
0.01016
0.0127

F1
0
0.14317
0.36279
0.4726
0.801196
1.18011

Force (N)
F2
0
0.137332
0.378914
0.482608
0.79647
1.12451

F3
0
0.148174
0.402822
0.492616
0.73531
1.09949

Favg (N)
0
0.142892
0.3814994
0.482608
0.7776494
1.1347126

The vertical deflection (y) was converted to radial deflection as   CH L:

Table A. 2: Conversion of vertical deflection(y) of the bristle tip into radial deflection (θ) of the bristle.

Deflection (θ)
0.0000
0.0955
0.1910
0.2865
0.3820
0.4774

F1
0.0000
0.1432
0.3628
0.4726
0.8012
1.1801

Force (N)
F2
0.0000
0.1373
0.3789
0.4826
0.7965
1.1245

Favg (N)
F3
0.0000
0.1482
0.4028
0.4926
0.7353
1.0995

0.0000
0.1429
0.3815
0.4826
0.7777
1.1347

Table A. 3: Results showing the deflection and transverse components of the force recorded by electronic
balance.

Deflection (θ)
0.3491
0.4446
0.5401
0.6356
0.7311
0.8265

F1
0.0000
0.1293
0.3112
0.3803
0.5965
0.7994

Transverse
Force (N)
F2
0.0000
0.1240
0.3250
0.3884
0.5929
0.7618

Average
Transverse Force (N)
F3
0.0000
0.1338
0.3455
0.3964
0.5474
0.7448

0.0000
0.1290
0.3272
0.3884
0.5789
0.7687
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Table A. 4: Use of electronic balance to compute single bristle mass. Average bristle mass calculated as 0.083
gms.

No. of bristles
weighed
0
1
2
3
4
5
6
7
8
9
10

Reading of the balance (gms) Mass of single bristle (gms)
0
NA
0.084
0.084
0.164
0.084
0.25
0.0833
0.334
0.0835
0.417
0.0834
0.501
0.0835
0.584
0.0834
0.665
0.0831
0.748
0.0831
0.831
0.0831

Table A. 5: Use of electronic balance to compute mass of SAE Grit G10. Average bristle mass calculated as
0.0508 gms.

No. of particles weighed Reading of the balance (gms)
0
0
1
0.055
2
0.105
3
0.162
4
0.221
5
0.265
6
0.301
7
0.345
8
0.382
9
0.412
10
0.461

Mass of single particle
(gms)
NA
0.055
0.0525
0.054
0.0552
0.053
0.0501
0.0492
0.04775
0.04577
0.0461
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Table A. 6: Use of electronic balance to compute mass of SAE Grit G12. Average bristle mass calculated as
0.0207 gms.

No. of particles weighed Reading of the balance (gms)
0
0
10
0.127
20
0.395
30
0.67
40
0.953
50
1.248

Mass of single particle
(gms)
NA
0.0127
0.01975
0.02233
0.02382
0.02496

Table A. 7: Use of electronic balance to compute mass of SAE Grit G14. Average bristle mass calculated as
0.0204 gms.

No. of particles weighed Reading of the balance (gms)
0
0
10
0.232
20
0.397
30
0.614
40
0.784
50
0.963

Mass of single particle
(gms)
NA
0.0232
0.01985
0.02046
0.0196
0.01926

Table A. 8: Use of electronic balance to compute mass of SAE Grit G16. Average bristle mass calculated as
0.0102 gms.

No. of particles weighed Reading of the balance (gms)
0
0
10
0.088
20
0.209
30
0.314
40
0.423
50
0.527
60
0.629

Mass of single particle
(gms)
NA
0.0088
0.01045
0.01046
0.01057
0.01054
0.01048

176

Table A. 9: Use of electronic balance to compute mass of SAE Grit G18. Average bristle mass calculated as
0.0057 gms.

No. of particles weighed Reading of the balance (gms)
0
0
10
0.036
20
0.116
30
0.178
40
0.245
50
0.322
60
0.388

Mass of single particle
(gms)
NA
0.0036
0.0058
0.0059
0.0061
0.0064
0.0064

Table A. 10: Use of electronic balance to compute mass of SAE Grit G25. Average bristle mass calculated as
0.0035 gms.

No. of particles weighed Reading of the balance (gms)
0
0
10
0.038
20
0.07
30
0.102
40
0.14
50
0.176
60
0.206

Mass of single particle
(gms)
NA
0.0038
0.0035
0.0034
0.0035
0.0035
0.0034

Table A. 11: Use of electronic balance to compute mass of SAE Grit G40. Average bristle mass calculated as
0.001481 gms.

No. of particles weighed Reading of the balance (gms)
0
0
46
0.076
86
0.135
148
0.213
190
0.27
230
0.33
270
0.378

Mass of single particle
(gms)
NA
0.00165
0.00156
0.00143
0.00142
0.00143
0.0014
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Table A. 12: Various surface profile parameters (as discussed in Section 4.5) evaluated for an API 5L specimen
bristle blasted at 0 mm (0”) depth of penetration.

Distance from
trailing edge
(inches)
0
0.1
0.2
0.3
0.4
0.5
0.55
0.6
0.65
0.7
0.75
0.8

Ra
(µm)
1.35
2.66
3.73
5.31
5.24
9.47
9.84
12.57
12.94
11.48
8.82
5.2

Rz
(µm)
10.89
16.99
22.26
27.11
31.76
51.96
54.3
75.62
68.26
74.81
65.88
30.24

Rq
(µm)
1.74
3.37
4.68
6.52
6.47
11.61
11.78
16.76
15.55
15.15
12.64
6.24

Rt
(µm)
15.78
22.61
29.26
32.32
53.37
73.2
73.06
102.7
90.75
9.89
112.1
94.87

Rp
(µm)
5.42
8.76
9.98
14.79
17.64
32.11
34.42
49.73
41.71
47.93
44.61
18.31

Rv
(µm)
5.47
8.23
12.31
12.32
14.11
19.85
19.88
25.89
26.54
26.88
21.26
11.93

Rpc
(peaks/cm)
23.1
16.1
10.3
14.9
11.8
11.8
10.8
15.03
16.4

Table A. 13: Various surface profile parameters (as discussed in Section 4.5) evaluated for an API 5L specimen
bristle blasted at 1.25 mm (0.05”) depth of penetration.

Distance from
trailing edge
(inches)
0
0.1
0.2
0.3
0.4
0.5
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9

Ra
(µm)
1.4
1.89
2.6
4.13
11.26
9.54
15.25
20.45
18.15
15.08
15.42
17.73
20.6
2.34

Rz
(µm)
8.69
13.95
19.62
22.92
63.81
62.88
88.74
108.2
95.86
85.71
78.66
93.44
107.2
11.31

Rq
Rt
Rp
(µm) (µm) (µm)
1.74 10.37
4.5
2.45 38.27 7.54
3.49 27.09 8.51
5.15 34.39 12.87
14.41 96.38 36.51
12.85 104.3 35.72
19.99 121.7 54.56
25.24 140.9 62.84
21.78 133.3 48.68
19.11 150.11 48.27
18.99 107.8 45.56
22.06 139.7 54.81
25.67 170.7 58.72
2.85 16.98 7.24

Rv
(µm)
4.19
6.41
11.11
10.04
27.3
27.16
34.18
45.44
47.18
37.44
33.3
38.64
48.44
4.07

Rpc
(peaks/cm)
32.3
17.8

11.8
11
13.2
11.2
9.3
9.1
12.8
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Table A. 14: Various surface profile parameters (as discussed in Section 4.5) evaluated for an API 5L specimen
bristle blasted at 2.5 mm (0.1”) depth of penetration.

Distance from
trailing edge (inches)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
1.1
1.15
1.2

Ra
(µm)
2.11
1.62
2.48
2.93
3.26
3.29
8.24
7.07
11.1
15.88
9.81
15.1
14.06
16.36
18.42
20.61
5.87
1.03

Rz
(µm)
16.81
13.2
18.19
18.81
21.33
18.92
42.47
41.9
67.35
89.77
53.53
82.51
77.24
82.92
105.2
104.1
39.57
6

Rq
(µm)
2.65
2.11
3.13
3.67
4.07
4.03
10.39
9.09
14
21.06
12.25
19.18
17.78
19.77
22.76
25.32
7.82
1.28

Rt
(µm)
27.31
18.45
24.8
24.09
27.05
24.1
77.55
61.26
108
121.8
70.92
100.3
105.8
107.4
136.8
130.3
61.83
8.52

Rp
(µm)
9.57
5.99
10.93
10.11
10.14
10.45
24.91
27.47
41.34
56.18
32.58
49.37
47.81
54.55
59.76
56.24
19.89
3.7

Rv
(µm)
7.23
7.21
7.26
8.7
11.19
8.47
17.56
14.42
26.01
33.6
20.95
33.14
29.42
28.37
45.26
47.81
19.68
2.3

Rpc
(peaks/cm)
16.3
26.62
13.8
17.2
11
15.2
9.9
14.4
11.9
13.46
12
15.7
12.1

Table A. 15: Various surface profile parameters (as discussed in Section 4.5) evaluated for an API 5L specimen
bristle blasted at 3.75 mm (0.15”) depth of penetration.

Distance from
trailing edge (inches)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3

Ra
(µm)
1.37
2.94
4.84
4
4.01
5.54
5.97
6.84
11.51
12.64
13.47
12.05
10.36
1.49

Rz
(µm)
7.66
19.16
30.77
24.74
24.78
34.07
43.15
38.08
60.11
72.27
73.41
70.01
61.52
8.98

Rq
(µm)
1.61
3.69
6.21
5.03
5.03
6.91
7.68
8.46
14.14
16.33
16.94
15.18
13.19
1.85

Rt
(µm)
9.86
23.37
40.92
29.02
33.77
60.63
86.06
53.88
83.22
107.3
102.4
102.8
86.18
16.67

Rp
(µm)
3.48
11.03
17.92
12.18
14.31
20.02
27.67
23.17
36.29
49.34
43.88
43.37
37.97
5.2

Rv
(µm)
27.1
16.5
17.9
18.7
20.8
12.2
12

13.1
8.8
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Table A. 16: Various surface profile parameters (as discussed in Section 4.5) evaluated for an API 5L specimen
bristle blasted at 5 mm (0.20”) depth of penetration.

Ra
Distance from
trailing edge (inches) (µm)
1.13
0
2.23
0.1
3.21
0.2
2.84
0.3
3.31
0.4
3.69
0.5
3.26
0.6
3.84
0.7
3.89
0.8
13.21
0.9
8.61
1
11.82
1.1
9.6
1.2
9.41
1.3
10.26
1.4
0.88
1.5

Rz
(µm)
8.44
15.39
20.41
16.15
21.09
25.98
25.66
21.72
27.03
68.17
43.82
69.6
54.66
57.01
57.22
5.4

Rq
(µm)
1.47
2.92
4.04
3.52
4.17
4.62
4.45
4.74
4.98
16.42
10.39
14.76
12.25
12.02
12.97
1.09

Rt
(µm)
14.25
20.16
27.56
20.77
30.17
33.03
32.18
27.65
35.32
98.7
60.2
85.83
75.79
68.08
73.32
7.71

Rp
(µm)
3.63
8.54
12.04
9.16
13.72
15.27
15.8
12.74
15.65
41.15
25.91
46.27
32.59
36.64
31.65
3.45

Rv
(µm)
17.6
22.9
19.1
20.7
19.5
13.5
12
15.8
17.3
14.4
12.1
15.1
14.8
14.1
14.6
13.3

Table A. 17: Various surface profile parameters (as discussed in Section 4.5) evaluated for an API 5L specimen
bristle blasted at 6.25 mm (0.30”) depth of penetration.

Distance from
trailing edge (inches)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6

Ra
(µm)
1.02
2.3
2.25
2.66
2.51
2.51
2.1
2.59
2.38
2.98
4.08
5.29
6.81
9.63
12.17
11.24
0.92

Rz
(µm)
6.37
13.62
15.56
17.05
15.67
18.03
13.55
17.68
14.86
19.32
24.94
32.44
41.76
54.74
67.56
62.5
5.51

Rq
(µm)
1.3
2.85
2.87
3.4
3.14
3.3
2.6
3.28
2.98
3.81
5.09
6.74
8.51
11.95
15.07
14.34
1.14

Rt
(µm)
7.56
18.15
23.41
22.98
20.03
25.98
17.89
21.1
17.77
30.84
39.37
48.96
58.09
64.12
80.78
79.78
9.78

Rp
(µm)
3.07
6.86
8.47
9.86
8.09
10.55
8.05
10.21
8.14
10.95
15.31
16.14
23.39
34.37
40.95
38.95
3.21

Rv
(µm)
3.3
6.76
7.1
7.19
7.59
7.48
5.5
7.47
6.72
8.36
9.62
16.3
18.37
20.37
26.61
23.55
2.3

Rpc
(peaks/cm)
18.5
10.1
17
16.4
19.3
22.6
18.7
23.3
17.6
14.1
11.8
11.6
12.9
11.16
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Figure A. 1:Typical coating thickness (epoxy + primer) for MAT2 specimen used in the
coating adhesion study.(Grit blasted with steel grit G16 through a nozzle (diameter 1.3
cm) at a standoff distance of 45 cm (resulting in pre-impact grit velocity of 180 m/s).
Approximate angle of the nozzle was 70 degrees i.e. α = 700.

Figure A. 2: Typical coating thickness (epoxy + primer) for a MAT2 specimen (bristle
blasted) used in the coating adhesion study. Approximate bristle tool specifications: face
width: 22mm, hub radius: 27.5mm, bristle wire diameter: 0.78 mm, bristle length: 27mm,
total bristle population ~ 480.
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Figure A. 3: Typical topographical profile of a bristle blasted surface traced by a surface
profilometer showing various profile elements, namely Ra, Rz, Rq, Rt, Rp, Rv and Rpc.
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Figure A. 4: Typical topographical profile of a bristle blasted surface traced by a surface
profilometer showing various profile elements, namely Ra, Rz, Rq, Rt, Rp, Rv and Rpc.
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Figure A. 5: (top) front view of the specimen as seen by the electron beam of Scanning Electron Machine,
(bottom left) reference position or 0 degrees and (bottom right) specimen rotated 60 degrees from the reference
position.

Figure A. 6: Variation of surface texture/anchor profile as bristle tool (red belt) progressively ages. Approximate
bristle tool specifications: face width: 22mm, hub radius: 27.5mm, bristle wire diameter: 0.78 mm, bristle
length: 27mm, total bristle population ~ 480.

